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Human sperm membranes and sperm-oocyte interaction 
Proefschrift 
ter verkrijging van het doctoraat in de Geneeskunde 
aan de Rijksuniversiteit Groningen 
op gezag van de 
Rector Magnificus Dr. S.K. Kuipers 
in het openbaar te verdedigen op 
woensdag 11 mei 1994 
des namiddags te 4.00 uur 
door 
Eugenius Gerardus Josephus Maria Arts 
geboren op 27 mei 1961 
te Vierlingsbeek 
Stellingen behorend bij het proefschrift: 
"Human sperm membranes and sperm-oocyte interaction. " 
1. Het equatoriaal segment na acrosoom-reactie is het enige fusogene 
membraandomein van de humane zaadcel. 
Dit proefschrift 
2. Het uitblijven van bevruchting lean veroorzaakt worden door het onvermogen van 
spermatozoa de acrosoom-reactie te ondergaan na binding aan de zona pellucida. 
Dit proefschrift 
3. Het verdient aanbeveling te onderzoeken of het transmembraandomein van het 
influenza hemagglutinine-eiwit als een lipide-diffusiebarriere fungeert in de 
initiele, niet-verwijde fusieporie om vast te stellen of de observatie van Kemble et 
al. , dat gemuteerd hemagglutinine-eiwit wel menging van buitenste lipide­
monolagen, maar niet van celinhoud veroorzaakt, in overeenstemming is met de 
bevinding van Tse et al. , dat lipidemenging pas waargenomen wordt, nadat de 
fusieporie zich verwijd heeft. 
Kemble et al. (1994) Cell 76, 383-391. 
Tse et al. (1993) J. Cell Biol. 121, 543-552. 
4. De hantering van de uitdrukking myeline voor multilamellaire structuren bestaande 
uit verschillende bilagen door fysisch chemici enerzijds en voor multilamellaire 
structuren bestaande uit een bilaag door (neuro)biologen anderzijds, geeft aan dat 
tussen beide wetenschappelijke disciplines nog geen fusie is opgetreden. 
5. De nomenclatuur van de membranen en domeinen van de zaadcelkop is verouderd 
en bovendien verwarrend en dient te worden aangepast aan de huidige inzichten op 
moleculair niveau. 
6. Voor de beginnende onderzoeker is de grote hoeveelheid elkaar tegensprekende 
gegevens omtrent capacitatie een schier onontwarbare kluwen; voor de gevorderde 
onderzoeker blijven er van de ontwarde kluwen nog tenminste twee losse eindjes 
over. 
7. Toepassing van de hemizona-assay met de twee helften van slechts een zona 
pellucida dient ten sterkste te worden ontraden. 
Burkman et al. (1988) Fertil Steril 49, 688-697. 
Eigen waaroemingen. 
. 
8. Evenmin als in vitro fertilisatie is intracytoplasmatische spermatozooninjectie 
(ICSI) een wondermiddel bij de behandeling van infertiliteit. 
9. ICSI maakt onderzoek naar zaadcel-eicelinteractie niet overbodig. 
10. Het is merkwaardig, dat bij nieuwbouw van een gezondheidsinstelling, de 
esthetische vormgeving een hogere prioriteit wordt toegekend dan de gezondheid 
van de medewerker. 
11. Eenmaal op wachtgeld blijkt vieux nog best lekker te zijn. 
12. Eenvoud boven alles. 
Eus Ans, 11 mei 1994 
Promotores: Prof. Dr. D. Hoekstra 
Prof. Dr. J. G. Aalders 
Referent: Dr. S. Jager 
Voorwoord 
Mocht ik ooit geroepen heb: "Ik heb het allemaal alleen gedaan", clan is dit een 
zelfoverschatting van jewelste geweest. Velen zullen hun (onzichtbare) bijdrage in dit 
proefschrift herkennen. 
Grote dank gaat uit naar Dick Hoekstra, wiens recht-door-zeee aanpak ik uitermate heb 
gewaardeerd. 
Jan Aalders, hoewel je er op het laatst bijkwam, ben ik je .zeer erkentelijk voor de vlotte wijze 
waarop alles afgehandeld werd. 
Siemen Jager gaf mij grote vrijheid in de invulling van het onderzoek en ik hoop dat hij dit 
proefschrift als een "gouden handdruk" met zich mee za1 nemen. 
Aile mensen, die boven de stukken staan, hebben natuurlijk een niet geringe bijdrage aan de 
totstandkoming geleverd. Van hen wil ik met name Jaap Kuiken bedanken. Jaap, jongen, jouw 
enthousiasme en goedmoedigheid hebben een duidelijk stempel op dit werlcje gedrukt en meer 
dan eens heb je mij uit diepe dalen omhoog gesleurd. 
Discussies, hand- en spandiensten, adviezen, en de gezelligheid van alle medewerkers van de 
laboratoria waar ik de afgelopen tijd rondgelopen heb, vooral die van Obstetrie/Gynaecologie en 
Fysiologische Chemie, waren onontbeerlijk om alles tot een goed eind te brengen. Uiteraard 
bedank ik eenieder die mijn geklaag gewillig heeft aangehoord tijdens het middagmaal, de koffie 
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Introduction to mammalian fertilization 
Infertility of men can have various causes, including inability of spermatozoa to fertilize 
oocytes, even in vitro. A method frequently used to determine fertilizing capacity, is the zona­
free hamster oocyte test. However, this biological assay is subject to large variation and has 
only low specificity. In addition, it is unclear which property of the spermatozoon is measured. 
Furthermore, the assay requires large amounts of animals. 
Development of reliable methods to detect sperm defects require a thorough 
understanding of the molecular basis of fertilization. The main goal in fertilization, delivery of 
male DNA by the spermatozoon to the oocyte, is the result of a complex series of events in, 
especially, the male gamete which requires a perfect timing. 
In this introduction, the current view on fertilization will be presented in two parts. The 
first sections describe the structure of the human spermatozoon and present a compact overview 
of the processes leading to fertilization. In the subsequent sections, some of these processes are 
analyzed on the biochemical and cellular levels. 
1.1. Structure of the spermatozoon. 
Spermatozoa are formed from spermatogonial stem cells in the seminiferous tubules by a 
series of mitotic and meiotic divisions, followed by an extensive morphological remodeling 
(Eddy et al., 1991). After release of the free cells to the lumen of the seminiferous tubules, the 
spermatozoa are transported to the epididymis. During the transit in this 5 metres long tube, no 
distinct morphological changes occur anymore, but the spermatozoa acquire motility and the 
capacity to fertilize (see below). 
The function of the spermatozoon, delivery of male DNA, is reflected in its highly 
polarized structure (Fig. 1). Two main morphological features can be distinguished, the head 
and the tail. The tail is designed to provide the spermatozoon's motility, required for movement 
through the female genital tract. For this purpose the tail contains an axoneme, surrounded by 
dense fibers. The posterior part is further enveloped by a fibrous sheath. Only the anterior part 
of the tail, the midpiece, contains the mitochondria, which provide the energy for motility. The 
midpiece of the tail is connected to the head by the neck region. The plasma membrane domains 
of tail and head are separated by a sharp border, the annulus posterior. 
The human sperm head is flattened oval-shaped (fig. 1). Most part of the head is 
occupied by the nucleus. The sperm nucleus is haploid, and in contrast to somatic cells, the 
DNA is wrapped around protamines. Since protamines are more basic proteins than histones, 
the nuclear material is very tightly packed. This accounts for the spermatozoon's small volume, 
and the absence of RNA synthesis. Also no protein synthesis occurs in spermatozoa. The 
absence of nuclear activity is further reflected by the absence of pores in most of the nuclear 
envelope. Nuclear pores are abundant only in the "redundant nuclear envelope", caudal to the 
annulus posterior. 
In the human spermatozoon, the apical part of the nucleus is covered by the acrosome. 
The acrosome is a large, flat vesicle, originating from part of the Golgi complex in the 
spermatid during spermiogenesis. The acrosome contains enzymes, involved in the interaction 
with the oocyte. Most of the enzymes function in the degradation of macromolecules (see 
section 1.3.4. ). Since the acrosome sits as a cap over the nucleus, its membrane may be 
distinguished in the inner acrosomal membrane (IAM), lying closest to the nucleus, and the 
outer acrosomal membrane (OAM), facing the plasma membrane. The part of the acrosome 
where IAM and OAM join is called the equatorial segment (ES), the rest of the acrosomal cap 
is termed the anterior acrosome. These structures underlie the plasma membrane domains, 
which, unfortunately, have the same names. Therefore, we will adopt the nomenclature given in 
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a. "Front" view of the spenn head and pan of the tail (midpiece). The plasma membrane towards tlie viewer has been removed. 1 = acrosome­
overlying plasma membrane (PM); 2 = acrosome; 3 = postacrosomal membrane; 4 = nuclear envelope; 5 = annulus posterior; 6 = redundant 
nuclear envelope, showing large pores; 7 = mitochondria; b. "Side" view, longitudinal section. 8 = outer acrosomal membrane (OAM); 9 = 
inner acrosomal membrane (JAM); JO = acrosomal matrix; 11 = nucleus; 12 = basal plate; 13 = a.xoneme. c. Section through the head of a 
spennatozoon in the process of acrosome reaction. 14 = (hybrid) PM-OAM vesicle; 15 = acrosomal contents released to the environment. d. 
Acrosome-reacted spermatozoa. 9 = JAM; 16 = equatorial segment (ES). The PM-derived pan is now joined to the DAM-derived, fonning a 
continuous membrane in a hairpin-like structure. Between the JAM and OAM derived pans some of the acrosomal matrix is retained. 
w 
The plasma membrane overlying the nucleus posterior of the acrosome is called the 
postacrosomal membrane (Eddy, 1988). 
Cytoskeletal compounds surround the nuclear envelope, forming a link with the 
postacrosomal membrane and the inner acrosomal membrane. Between the acrosome overlying 
PM and OAM a cytoskeleton is virtually absent. The main constituents of the cytoskeleton 
appear to differ from components normally found in somatic cells (MacRae et al. , 1990; Longo 
& Cook, 1991; Toshimori et al. , 1991), although also tubulin, actin, and intermediate filament 
proteins in specific domains of the head have been detected (Clarke et al., 1982; Virtanen et 
al., 1984; Ochs et al., 1986; Senn et al., 1992). 
The intracellular structure is also reflected in the PM. Various domains can be 
distinguished in this continuous membrane (Fig. 2): the acrosome-overlying PM is separated 
from the postacrosomal membrane by the ES, while the postacrosomal membrane is separated 
from the tail PM by the annulus posterior. These borders can be observed by electron 
microscopy (Flechon and Hafez, 1976). Freeze fracture studies in animal spermatozoa indicated 
that the different domains all contain different concentrations of intramembranous particles 
(probably transmembrane proteins) (for references, Eddy, 1988). This localized distribution 
could also be observed using specific lectins and antibodies (Koehler, 1981; Kallajoki et al. , 
1985; Villaroya and Scholler, 1986). At present the basis for maintenance of the PM domain 
organization is unclear, since these proteins appear not to be linked to the cytoskeleton, but are, 
in principle, free to diffuse (see e.g. Villaroya & Scholler, 1987). A possibility is the formation 
of domains by lipids. Like other mammalian species, the human sperm PM contains unusually 
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Fig. 2. Domains of spennatozoa as observed by (fluorescence) 
microscopy. 
a. Acrosomal region (acrosome and/or acrosome-overlying plasma 
membrane). b. Equatorial segment. c. Postacrosomal region. d. 
Midpiece. e. Tail. 
high levels of sulfated sterols and phospholipids with ether-linked acyl chains, which are often 
extremely unsaturated (Mack et al., 1986; Parks & Lynch, 1992; Lin et al., 1993). 
Furthermore, sperm-specific glycolipids, like sulfogalactoglycerolipid (seminolipid) are present 
in relatively high amounts (Mack et al., 1986; Lingwood et al., 1990). Such glycolipids are 
capable to establish lipid phase separations (Wolf et al., 1990). In ram spermatozoa distinct 
lipid domains have been observed (Wolf & Voglmayr, 1984). The presence of patches enriched 
in either sterols or anionic lipids as observed by electron microscopy (Tesatik & Flechon, 1986) 
is indicative that segregation of lipids also occurs in human spermatozoa. 
1.2. A brief view on fertilization. 
The complex mechanism of the events occurring during sperm-egg interaction have been 
recognized reasonably well on the morphological level since the early 1950s. Data on the 
biochemical basis, however, are only recently accumulating. Still many results are 
contradictory, and in dispute. In this section I will present a generalized overview and introduce 
some main events occurring on the mammalian sperm's journey to fertilization, mainly based on 
reviews by Wassarman ( 1987, 1988) and Yanagimachi ( 1988). Some of these events will be 
analyzed on a biochemical level in later sections. 
During transit through the epididymis, changes occur in sperm plasma membrane surface 
structure by epididymal enzymes or adsorption of proteins. Upon ejaculation the spermatozoa 
contact seminal plasma, constituted of fluids from the prostrate and seminal vesicles. Proteins 
and other factors from the seminal plasma also adsorb to the sperm surface, which may both 
enhance fertilizing capacity and preserve the spermatozoa from response to early, outward 
stimuli in the female genital tract (see section 1.3. 1). 
The ejaculated spermatozoa then find their way through the cervical mucus, which 
consists of a network of glycoprotein chains with narrow channels, providing strong shearing 
forces to the sperm surface. Via the uterus they reach the isthmus of the oviduct (fallopian 
tube). Transport through the uterus and oviduct may not only require sperm motility, but also 
muscular contractions of the female genital tract. Due to interactions with cervical mucus and 
adhesion to the oviductal epithelium, only a limited number of spermatozoa finally meet the 
ovulated egg in the oviduct. During this transit through the female genital tract, the spermatozoa 
undergo (partly) a process termed capacitation, which enables the cells to interact with and/or 
respond properly ta- the oocyte (see section 1.3.2.). 
The ovulated egg is not directly accessible to the spermatozoon. The oocyte membrane is 
enveloped by an (extracellular) glycoprotein matrix, the zona pellucida (ZP). Additionally, the 
ZP is surrounded by the cumulus oophorus, a cloud of granulosa cells connected by a matrix of 
hyaluronic acid (Fig. 3). The cumulus is the first barrier to be passed by the spermatozoa. Since 
the acrosome of the spermatozoa contains the enzyme hyaluronidase, it was suggested that this 
enzyme should be involved in the passage of the cells through the cumulus. However, the 
current opinion is that only intact sperm finally reach the ZP surface (see section 1.3.3.). 
The spermatozoa then bind to the ZP, which is a species-specific process and involves 
specific ligand and receptor proteins in both gametes (see section 1.4.). The glycoprotein matrix 
can only be penetrated when the spermatozoa have undergone the process of acrosome reaction 
(AR), which is induced by the ZP itself (section 1.5). The AR is a vesiculation caused by 
multiple focal point fusions of the OAM with its overlying PM (Fig. 1). As a result the IAM is 
exposed at the surface. However, a small part of the acrosome is left behind: the equatorial 
segment (ES). At this structure, part of the OAM is retained which forms a junction with the 
PM. Hereby, a hairpin loop ofIAM, OAM and PM is formed (see section 1.6.). The events 
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Fi,g. 3. Schematic representation of the cumulus-oocyte complex. 
The oocyte is enveloped by its extracellular glycoprotein matrix, the zona pellucida 
(ZP). The perivitelline space (pvs) is located between the oolemma (oocyte plasma 
membrane) and the ZP. Pan of the cumulus oophorus is depicted. The inset shows 
part of the ZP-glycoprotein network, consisting of long chains of alternating ZP2 
and ZP3 proteins, connected by ZPJ. Note that it is unknown whether ZPJ has 
affinity for either ZP2 or ZP3 or both. 
during AR provide the spermatozoa fusogenic capacity. 
During vesiculation the acrosomal contents are released to the environment. The matrix, 
in which the acrosomal enzymes are sequestered, is dispersed. Acrosin, the main acrosomal 
protease, is supposed to be partly retained, associated to the 1AM, and may thus be involved in 
penetration of the ZP by degradation of this protein network (see section 1.7). 
After passage of the ZP the spermatozoon binds to the oocyte PM and the fusion of both 
gametes is initiated. As observed by electron microscopy, the fusion probably starts at the ES 
(see section 1.8). Fusion of both gametes activates the oocyte, which secretes the contents of 
vesicles, the cortical granula, located just underneath its PM. Probably, proteases then rapidly 
change the ZP structure, making it unpenetratable to other spermatozoa. After the initial fusion 
event, the spermatozoon is incorporated in the oocyte. Thereafter, the sperm nucleus begins to 
expand which is the result of removal of the protamines. The protamines are replaced by 
oocytal histones and the male pronucleus is formed. Finally, the male and female pronuclei 
come into close approximation, and their envelops are removed. The genetic material of both 
gametes is combined, and development to an new individual can begin. 
The present thesis is focussed on the events enabling and occurring during sperm-egg 
interaction. As stated at the beginning of this brief introduction, the biochemical basis of most 
of the processes is still enigmatic at many points. Some of the events in sperm-egg interaction 
will be addressed in detail in the next sections. 
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1.3. Capacitation 
Spermatozoa are not able to fertilize an egg immediately after ejaculation, but require 
some time to achieve this ability (Chang, 1984). This process termed capacitation is currently 
viewed as the process which prepares the ejaculated spermatozoon to respond to the proper AR 
inducing stimulus, which is most likely the ZP (Yanagimachi, 1988). 
In principle, when spermatozoa have travelled some time through the epididymis, they 
have all the qualities to fertilize oocytes, at least in vitro (Temple-Smith et al. , 1985, Silber et 
al. , 1988). However, in such a situation the spermatozoa neither contact the main part of the 
epididymis, seminal plasma, nor the female genital tract. As discussed hereafter (1.3.3), 
acrosome-intact spermatozoa may respond to a variety of potential AR inducing stimuli, such as 
factors in follicular fluid, before contact with the ZP. A "repressed" state (Florman & Babcock, 
1991) would protect the spermatozoon from a (too) early AR during its transit through the 
female genital tract. Such a non-responsive state seems to be established by the male genital 
tract fluids, and capacitation then might be regarded as a relief of the repressed state in the 
female. Indeed, it has been proposed that capacitation has evolved as an adaptation to internal 
fertilization (Bedford, 1983). The following sections events (limited as much as possible to the 
human system) that are reported to occur before and during capacitation, are discussed. The 
overall characteristics are also derived from other mammalian systems. 
1.3.1. Events occurring before capacitation: establishment of the repressed state 
Since human spermatozoa, derived from the caput epididymis have all the abilities to 
fertilize in vitro, the transit through the lower parts of the epididymis seems to be necessary to 
establish a repressed state. This may be achieved by adsorption of epididymal proteins to the 
sperm surface (Tez6n et al. , 1985; Ross et al. , 1990; Moore et al. , 1992), which may mask 
surface proteins or specifically block ZP-binding proteins (Kirchhoff et al. , 1991). 
On the other hand, other evidence suggests that human spermatozoa acquire ZP-binding 
capacity during the transit through the epididymis, which could be mimicked in a coculture of 
human epididymal epithelium and spermatozoa (Moore et al. , 1992). For human spermatozoa 
the acquisition of ZP-binding capacity should then occur in the early parts of the epididymis 
(the caput).A possible mechanism could be a change in surface carbohydrate structure by the 
action of epididymal glycosyltransferases, which has thusfar only been demonstrated in the 
mouse (Tulsiani et al. , 1993). Furthermore, selective proteolysis of guinea pig, rat, and mouse 
surface proteins by epididymal enzymes was shown to cause redistribution to specific PM 
domains (Phelps et al. , 1990; Petruszak et al. , 1991; Phillips et al. , 1991) or activation 
(Lakoski et al. , 1988). For animal systems also modulation of sterol content and surface charge 
has been reported (see Eddy, 1988). 
After maturation in the epididymis, the spermatozoa contact seminal plasma during 
ejaculation. In mammals with intravaginal ejaculation, like the human, seminal plasma buffers 
the low pH in the ectocervical mucus, otherwise detrimental for the spermatozoa. Furthermore, 
seminal plasma factors, such as proteins, polyamines and glycosaminoglycans adsorb to the 
sperm surface (Villaroya & Scholler, 1986; Yanagimachi, 1988; Kamada et al. , 1991; Miller et 
al. , 1992). This may facilitate the progress through the cervical mucus (Overstreet et al. , 
1980) and provide protection against lipid peroxidation (Jones et al. , 1979). Although 
epididymal sperm possess all requirements for fertilization, some seminal plasma substances can 
enhance the fertilizing capacity (Cross, 1993; and in bull, Florman & First, 1988). However, 
most of the adsorbed seminal plasma factors seem to inhibit sperm-egg interaction (Reddy et 
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al., 1982; Yanagimachi, 1988). Capacitated spermatozoa can be "decapacitated" by readdition 
of seminal plasma, and therefore may serve to achieve the non-responsive state. These 
decapacitation factors may shield the surface to the zona by forming a cell coat or by specific 
binding of inhibitors to ligands for the ZP (Yanagimachi, 1988). 
1.3.2 Events during capacitation 
Numerous reports about capacitation are available, which are often contradictory. This 
may be caused by the fact that capacitation has to be studied in vitro. Capacitation in vivo may 
be a gradual process, involving interactions with different parts of the female genital tract, 
which are difficult to mimic. Therefore, often agents are used which can induce membrane 
destabilization, and make the spermatozoa responsive to non-physiological AR inducers. 
Additionally, for studying the process in vitro, definition of a clear end point of capacitation is 
required. A variety of definitions have been applied in the past, and may be the cause of much 
confusion. 
At present the end point is usually determined by 
(i) the ability to respond to the proper AR stimulus 
(ii) the acquisition of hyperactivated movement, an increase in flagellar beat amplitude causing 
a vigourous movement of the spermatozoon (Katz et al., 1989; Yanagimachi, 1988), which may 
occur sometime before initiation of AR. Although hyperactivation has been shown to occur in 
many mammalian species including human, the suggestion that the phenomenon represents the 
end stage of capacitation is actually based on circumstancial evidence (see also Suarez & 
Pollard, 1990). Hyperactivation was suggested to facilitate the progress through the oocyte's 
investments (Katz et al., 1989). 
The supposed changes during capacitation can be distinguished in extracellular (plasma 
membrane) and intracellular events. 
Extracellular events. The sperm's extracellular coat, consisting of proteins and non­
proteinaceous substances, is removed. The protein lactoferrine, a human sperm coating 
substance (Hekman & Riimke, 1969) is removed completely by movement through cervical 
mucus (Rosselli et al., 1990). During capacitation many sperm surface proteins become 
accessible to antibodies (Margalioth et al. , 1992). Some have been recognized as fibronectin or 
mannose-binding protein(s) (Fusi & Bronson, 1992; Benoff et al., 1993). Specifically bound 
inhibitors of ZP binding should also be removed in the female genital tract (Boettger-Tong et 
al., 1993). 
Frequently observed during in vitro capacitation is the rearrangement of proteins as 
detected by antibodies or lectins (Villaroya & Scholler, 1987; Koehler, 1981; Cross & 
Overstreet, 1987; Tesarfk & Mendoza, 1993). These rearrangements cannot be only explained 
by removal of the cell coat, but are supported by biophysical and electron microscopic (EM) 
observations only in animal spermatozoa. 
Increases in diffusion rate of both proteins and lipids in the PM were reported for mouse 
spermatozoa during capacitation (Wolf et al. , 1986; 1992), whereas the sperm-specific 
seminolipid becomes concentrated in the ES region just before initiation of AR (Gadella, 1994). 
On the (freeze fracture) EM level intramembrane particles (probably proteins) in the guinea pig 
PM form clusters during capacitation, and the bilayer between these clusters seems to contain 
fewer sterols and anionic lipids than the patches with intramembranous particles (Bearer & 
Friend, 1982). 
Increased membrane fluidity has been suggested to be a main characteristic of 
capacitation and be due to the removal of sterols (Langlais & Roberts, 1985; Benoff et al., 
1993). Reduction of the sterol content of the PM was also observed with EM (Tesah"k & 
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Flechon, 1986). Sterol depletion could be mediated by lipid transfer proteins present in 
follicular fluid (Ravnik et al., 1990)(see further 1.3.4). 
Intracellular events. During in vitro capacitation the main intracellular changes include 
activation of protein kinases leading to protein phosphorylation and increase in calcium ion 
concentration (Furuya et al. , 1993a,b; DasGupta et al., 1993). It has been suggested that the 
phosphorylation of membrane proteins would activate ion channels which may have a role in 
subsequent AR (Furuya et al., 1993b). Additionally, increased protein phosphorylation might 
induce hyperactivation. An important group of agents, present in follicular fluid, such as 
progesterone, are also able to induce the intracellular changes assumed to be characteristic for 
capacitation. However, these agents can have AR inducing capacity (see for further discussion, 
sections 1.3.3 and 1.3.4). 
1.3.3. Sites of capacitation and timing of AR 
Given the wide range of different events that have been described to occur during 
capacitation, it is not unlikely that this process is achieved in gradual, or distinct steps in the 
female genital tract. A possible sequence could be: removal of the sperm coat, removal of 
specific inhibitors from PM proteins and redistribution of lipids and proteins (increase in 
membrane fluidity), and finally intracellular events preparing the spermatozoon for a fast 
response to the ZP. This sequence is supported by several observations. Passage through 
cervical mucus was shown to remove the lactoferrine cell coat of human spermatozoa (Rosselli 
et al. , 1990), possibly by shearing forces applied by the mucus network. Furthermore, passage 
through mucus reduces the time required for fertilization, although a short in vitro capacitation 
time remained necessary (Gould et al. , 1985; Lambert et al., 1985; Zinaman et al., 1989; 
Hoshi et al., 1993). Some evidence is available for a capacitating effect during interaction of 
the spermatozoa with oviductal cells (Bongso et al . ,  1993), and it may well be possible that 
capacitation is completed in the cumulus or its vicinity. 
A major point of current discussion is where capacition is finished and AR is initiated, 
or in other words: what is the physiological AR inducer? As seen in section 1.2. during AR the 
acrosomal contents are released and/or exposed to the environment. The acrosome contains as 
main constituents the enzymes acrosin, a serine protease, and hyaluronidase. During AR most 
of the acrosin is released from the spermatozoon, but some acrosin has been reported to be 
retained on the JAM (Berruti & Martegani, 1984; Tesaiik et al., 1988; Gallo et al., 1991). It 
has been demonstrated that acrosin from several mammalian sources possesses ZP-binding 
properties (Williams & Jones, 1993), and it most probably facilitates ZP penetration (Dunbar et 
al., 1985; Urch et al., 1985; Brown & Cheng, 1985). Given these characteristics, two possible 
mechanisms may be proposed. 
(i) The AR is induced just before or during entry of the cumulus cell mass. In this model 
the acrosomal enzyme hyaluronidase would mediate penetration of the cumulus. The 
spermatozoa could then bind to the ZP via acrosin, which is still bound to the JAM. 
(ii) The other possibility is that the AR is induced after binding to the ZP. Induction of 
AR on the ZP surface would mean a direct contact of acrosin with its substrate. In this 
mechanism the role for hyaluronidase remains obscure, but may have a function in degradation 
of hyaluronic acid present in the upper layers of the ZP (Talbot, 1984). 
AR induction before binding to the ZP (i) is favoured by the fact that under the proper 
conditions and sperm preparation, the AR may be induced by the cumulus (Tesaiik, 1985; 
Siiteri et al., 1988) or its constituent hyaluronic acid (Slotte et al., 1993). AR inducing 
properties have also been assigned to follicular fluid (Tesaiik, 1985; Suarez et al. , 1986) with 
proposed active components progesterone (Osman et al., 1989) or atrial natriuretic peptide 
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(ANP, Zaneveld et al., 1993). Follicular fluid may be present in the oviduct at ovulation. 
Additionally, for human sperm it was reported that both acrosome-intact and acrosome-react can 
initiate binding to the ZP (Morales et al. ,  1989). However, the AR inducing potency of 
follicular fluid has been doubted (Mortimer & Camenzind, 1989; Stock et al., 1989; White et 
al., 1990), whereas follicular fluid samples from different individuals were shown to have 
highly variable activities (Morales et al., 1992). Furthermore, human spermatozoa have been 
shown to pass the cumulus acrosome-intact, apparently without the need of hyaluronidase 
(Tesarik, 1989; White et al., 1990; Hoshi et al., 1993). In contrast to the report by Morales et 
al. (1989), in all subsequent work only acrosome-intact spermatozoa have been observed to bind 
to the human ZP and once acrosome-reacted the spermatozoa lose the ability to initiate binding 
(Tesarik, 1989; Coddington et al., 1990; Liu & Baker, 1990; Holden & Trounson, 1992). 
Finally, the ZP is able to induce the AR after binding (Cross et al., 1988). The AR inducing 
capacity of the ZP has been reported for all mammalian species tested, and no reports are 
known which state the contrary. Therefore, I will assume that only acrosome-intact spermatozoa 
can initiate binding to the ZP, and that the ZP is the only physiological inducer of AR (see for 
extensive discussions on this subject: Florman & Babcock, 1991; Zaneveld et al. , 1991; Kopf & 
Gerton, 1991; Suarez & Pollard, 1990; Ward & Kopf,1993) 
The AR inducing capacity (at least at physiological concentrations and time scale) of 
cumulus cells, and follicular fluid with its active component progesterone, may be in dispute, 
but without doubt capacitation-linked phenomena like phosphorylation, increased calcium 
concentrations and hyperactivation could be assigned to all these potential inducers (Thomas & 
Meizel, 1989; Blackmore et al. , 1990; Mbizvo et al., 1990; Uhler et al. , 1992) and "prime" 
the spermatozoon for the ZP-induced AR. Given these considerations, it does not seem 
unreasonable to assume that capacitation is completed in the perimeter of the oocyte, just before 
binding to the ZP. 
It should be mentioned that AR-inducing agents exist, that act intracellularly, and bypass 
the PM located ZP-binding proteins in vitro. These may be effective for ejaculated, washed (and 
uncapacitated) spermatozoa (Anderson et al., 1993; Stock & Fraser, 1989; Zaneveld et al., 
1993). This suggests that capacitation is mainly required either to unmask receptors or to 
provide increased membrane fluidity to allow a proper signal transduction to the intracellular 
environment (see further 1.4). 
1.3.4 Some words on capacitation in vitro. 
One of the agents frequently used to achieve capacitation in vitro is albumin. Albumin 
can remove (partly) the lactoferrin and glycoconjugate sperm coat (Rosselli et al . ,  1990; 
Focarelli et al., 1990). Additionally, albumin preparations used in vitro are known sources of 
lipids and often contain other lipid binding proteins (Langlais & Roberts, 1985; Ravnik et al., 
1993), which may cause sterol depletion, and changes in membrane fluidity. This has led to the 
hypothesis that such properties would also be responsible for capacitation in vivo. Indeed, lipid 
transfer proteins have also been detected in follicular fluid (Ravnik et al., 1990). 
Whether such membrane destabilization, as accomplished by albumin, is a physiological 
significant capacitation-linked phenomenon may be doubted, since it could prepare spermatozoa 
to respond too early to aspecific agents (Zaneveld et al. , 1991) . It is not unlikely that the AR­
inducing capacity of follicular fluid or progesterone reflects a far-going membrane 
destabilization by in vitro capacitation (in combination with a "primed" cell interior) . In this 
regard, AR can also be induced by cold shock treatment (Sanchez et al., 1991) and agents that 
can accomplish membrane destabilization, such as lysophospholipids and short fatty acyl chain 
phospholipids (Byrd & Wolf, 1986; Holden & Trounson, 1992) . 
1.4. Binding to the zona pellucida. 
After passage of the cumulus the spermatozoa bind to the zona pellucida (ZP), an 
extracellular matrix formed by the granulosa cells during maturation of the oocyte. As originally 
postulated for the mouse model, the matrix mainly consists of three glycoproteins, termed ZPl 
to ZP3. The molecules ZP3 and ZP2 form long chains, and are arranged in alternating order. 
The long chains are linked together by ZPl ,  thus forming a network enveloping the entire 
oocyte (Fig. 3; Wassarman, 1988b). Some evidence is available that the ZP matrix may also 
contain adsorbed and/or encapsulated macromolecules, such as glycoproteins, hyaluronic acid 
chains and glycosaminoglycans (Tadano & Yamada, 1978; Talbot, 1984; Familiari et al. , 
1992). Recent evidence demonstrates that such a molecular structure may well apply to other 
mammalian systems, including the human (Shabanowitz & O'Rand, 1988; review by Dietl & 
Rauth, 1989). In the mouse it was first established that primary binding of the spermatozoa 
occurs with the sugar moieties (O-linked oligosaccharides) attached to ZP3. A specific 
interaction of the ligand-receptor type is required between a sperm protein in the plasma 
membrane and the zona pellucida protein ZP3. Thus far this has been confirmed for all species 
examined (see reviews by Dietl & Rauth, 1989; Miller & Ax, 1990; Saling, 1991;  Wassarman, 
1992; Ward & Kopf, 1993). 
In contrast to the agreement for ZP3 as the initial sperm receptor, much confusion exists 
about the sperm's counterpart. Several mouse sperm PM proteins have been assigned to serve 
as possible ligand for the zona receptor. Among the postulated mouse sperm proteins are: 
(i) sperm-specific galactosyltransferase, which trapsfers galactose to ZP3 with a concommittant 
loss of binding affinity (Miller et al. , 1992) 
(ii) a trypsin-inhibitor sensitive enzyme, proposed to be (surface-)located closely to 
galactosyltransferase (Benau & Storey, 1988), since inhibitors to both enzymes inhibit ZP­
binding, 
(iii) a 56 kDa sperm protein with high affinity for galactose (in sharp contrast to 
galactosyltransferase) (Wassarman, 1992), 
(iv) a sperm 95 kDa protein, unknown to bind a sugar but with an intrinsic tyrosin kinase which 
might be involved in AR (see below and l .6)(Saling, 1991), 
(v) a PM-located mannosidase (Cornwall et al. , 1991). 
The galactosyltransferase and 56 KD protein are highly specific for binding to ZP3. The other 
three proteins have ZP-binding properties, but it is not known whether the affinity is restricted 
to ZP3. 
In isolated human sperm PM both galactosyltransferase (i) and mannosidase (v) activities 
have been detected (Tulsiani et al. ,  1990; Miller et al. , 1991). A protease inhibitor which 
blocks mouse sperm-ZP-binding (ii) was found to be also present on the acrosome-overlying 
PM of human spermatozoa (Boettger-Tong et al. , 1993). Furthermore, 95 kDa proteins (iv) 
with intrinsic tyrosin kinase activities have been found (Naz et al. ,  1991; Tesah1c et al. , 1993) 
or possible ZP-binding properties (Moore et al. , 1987). A potential equivalent of the mouse 56 
kD protein (ii) has only been detected in boar spermatozoa (Peterson & Hunt, 1989). At 
present, none of the candidate proteins (neither in mouse, nor in human) can be favoured. It 
may be possible that all these proteins are involved in interaction with the ZP, but active at 
distinct, yet unidentified, subsequent steps (see discussion in Ward & Kopf, 1993). In this 
regard, the 95 kDa protein(s)(iv) may not be involved in the initial recognition step, but could 
have a function in AR induction (see 1 . 5). 
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1.5 Induction of acrosome reaction 
Again according to the mouse model, after binding of sperm to the sugar chain of ZP3, 
AR may be induced by the action of the protein part of the same molecule. This has been 
shown in mouse with purified ZP3 (Florman et al. , 1984) and also with recombinant ZP3 
protein in an oocyte-free system (Kinloch et al. , 1991 ; Beebe et al. , 1992). For other species it 
has been confirmed that ZP3 (Berger et al. , 1989) or at least the ZP (proteins) (Cross et al. , 
1988) possess AR inducing activity. 
Increasing evidence becomes available that aggregation of sperm ZP3-binding proteins is 
the first step in delivery of the signal to the intracellular compartment, where AR is initiated 
(Leyton & Saling, 1989a; Macek et al. , 1991). Aggregation has also been accomplished by 
antibodies against a putative ZP-binding protein in ram spermatozoa (Mc Kinnon et al. , 1991), 
and to inhibitors binding to such (human) proteins (Boettger-Tong et al. , 1993), and eventually 
lead to AR. Even aggregation of progesterone receptors in the human sperm PM was shown to 
result in AR (Tesa.rik et al. , 1992), although in this case the events leading to initiation of AR 
appeared to proceed via a different mechanism than with ZP (Tesafik et al. , 1993b). 
For a mouse 95 kD protein, ZP3-induced aggregation activated the intrinsic tyrosine 
kinase located on the intracellular protein domain, and this was suggested to play a role in 
transduction of the signal (Leyton & Saling, 1989b). Such 95 kDa proteins have also been found 
in human spermatozoa (Naz et al. , 1991, 1993; Tesarik et al. , 1993a), although so far no link to 
ZP-binding has been established. 
The transduction of the signal which initiates fusion of the OAM with the overlying PM 
is still subject to investigation. In human sperm several (coexisting?) mechanisms have been 
proposed (review: Zaneveld et al. , 1991). In brief: after binding of ZP3 to the sperm ligand, 
intracellular G proteins become activated, in which phosphorylation by tyrosine kinase may play 
an (indirect) role. The regulatory G proteins in turn activate adenylyl or guanylyl cyclase which 
produce cyclic nucleotides, that may then activate protein kinases. Alternatively, the G proteins 
activate phospholipase C, which generates diacylglycerol and phosphoinositides. These small 
molecules ("second messengers") subsequently activate specific protein kinases. The protein 
kinases are involved in protein phosphorylation, and in combination with increased intracellular 
Ca2+ concentration,  the AR then would be initiated. Pharmaceutical agents that affect 
intermediates of these pathways, such as protein kinase activators can also initiate AR (see 
Zaneveld, 1991,1993). On the other hand, a mere raise in Ca2+ concentration (thus without the 
need of phosphorylation), as accomplished by ionophores as A23187, suffices to induce AR 
(Stock & Fraser, 1989; Zaneveld, 1993). 
The raise in intracellular calcium was long thought to involve an influx of extracellular 
ions through Ca2+ channels in the PM. These channels could be regulated by e.g. G proteins 
(Florman & Babcock, 1991; Zaneveld et al. , 1991). However, recent evidence suggests that 
also intracellular stores may be utilized , since certain protein kinase activators, and even human 
zonae pellucidae could induce AR in the absence of extracellular calcium (Rotem et al. , 1992; 
Zaneveld et al. , 1993). 
Since the receptor-mediated mechanism and signal transduction pathway resemble that of 
somatic systems (Gomperts, 1990; Aimers, 1990), the AR is currently regarded to be a form of 
exocytosis. 
1.6 The acrosome reaction 
During AR fusion between the OAM and PM, which are located very close together, 
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occurs at multiple sites (see Fig. 1). The process of vesiculation has been described in detail 
only on the EM level (Nagae et al. , 1986; Yudin et al., 1988; Tesafik et al., 1988). Several 
stages can be distinguished. 
(i) The acrosomal matrix begins to swell. 
(ii) At many points fusions between PM and OAM occur and vesicles are formed. These are 
still attached via the acrosomal matrix to the 1AM. 
(iii) Vesicles are released to the environment and the matrix is completely dispersed. 
The biochemical basis for these events is largely lacking. However, since the AR is an 
exocytotic process, a comparison may be made with systems in somatic cells (Almers, 1990; 
Burgoyne, 1990; Pollard et al. , 1990; Creutz 1992; White, 1992; Burgoyne & Morgan, 1993). 
It should be noted that also for somatic exocytosis many details remain to be elucidated. From 
the large amount of biochemical data, some main steps that must occur in exocytosis can be 
distilled. First the intracellular vesicle should be brought in close contact with the plasma 
membrane ("docking"). Subsequently, a fusion pore is formed, which spans both bilayers. 
Finally, the fusion pore widens and the vesicle content is released. Depending on the character 
of the exocytotic process (e.g. fast as in neurons, less fast in mast cells), details may be filled 
in differently. Recently, it was suggested that the docking machinery might be universal, 
involving a ligand in the vesicle (v-SNARE) and a receptor in the target membrane (t-SNARE), 
which are linked together by an ensemble of attachment proteins (SNAPs) (Sollner et al., 
1993). The latter model is not extended to the formation of the fusion pore. At least one Ca2+­
binding protein is required in the process (Burgoyne & Morgan, 1993). Such a role is believed 
to be played by annexins, members of a family bf Ca2+ - and phospholipid-binding proteins, 
which are thus suited to act as bridging elements between both membranes and may be part of 
the fusion pore. 
How do observations on sperm AR fit in these models for exocytosis? 
Swelling, the first visible event during AR, is sometimes also seen in somatic systems. 
However, it is currently believed to be a consequence, rather than a cause of exocytosis, but 
may help to hasten the process (Aimers, 1990). The occurrence of swelling suggests that fusion 
pores allowing water influx already exist in the OAM and PM. 
Before actual secretion of the acrosomal contents can take place, fusion pores should be 
formed at many sites in the acrosomal cap. This implies that also many contact points should be 
made between the OAM and PM, which, however, has never been observed. Annexins, which 
are proposed to take part in the adhesion and/or merging of the apposed membranes, have 
indeed been detected in the human sperm head (Berruti, 1988). In this context, � interesting 
observation is the formation of clusters of intramembrane particles (probably proteins) in the 
sperm PM of several species during capacitation (see references in Yanagimachi, 1988). The 
clusters are separated by apparently protein-free areas. It is tempting to speculate that these 
clusters are involved in the association of the OAM to the PM and/or fusion pore formation, 
and eventually causing multiple focal point fusions. 
These fusions lead to the formation of mixed OAM-PM vesicles, which are released 
from the spermatozoon. The 1AM now becomes exposed to the environment. The only other 
part of the acrosome left behind, is the equatorial segment (ES). At this structure, a small part 
of the OAM is retained which forms a junction with the PM. Hereby, a hairpin loop of 1AM, 
OAM and PM is formed. For further discussion on the function and characteristics of the ES 
and 1AM after AR, see 1. 7. 
During the vesiculation the acrosomal contents are released to the environment. The 
enzymatic contents are, however, encapsulated in the acrosomal matrix, which is probably a 
proteinaceous network. Recently one of the constituents, in hamster and bovine sperm, was 
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shown to be a 22 kDa protein (Longo et al. , 1990). Matrix dispersal may be driven by osmotic 
forces (Green, 1978; Noland, 1990; Bielfeld et al. , 1993), but also the protease acrosin is 
believed to play a role in the degradation of the matrix (De Jonge et al. , 1989; Llanos et al. , 
1993). Since acrosin is present as its zymogen form proacrosin, it should first be activated form 
(Parrish & Polakoski, 1979). The factors involved and the mechanism of the activation process 
are still not completely elucidated, but it may be an autocatalytic process. Upon autoproteolysis, 
proacrosin is converted via a-acrosin into .8-acrosin (Siegel et al. , 1987). 
A mass release of free acrosin is reported to occur in the early phases of the AR 
(Tesan.1c et al., 1988). However, acrosin seems to be released in a later stage (or more gradual) 
than other acrosomal enzymes (DiCarlantonio & Talbot, 1988; Hardy et al. , 1991; Aitken & 
Brindle, 1993). This sequential release is possibly regulated by acrosin inhibitors present in the 
acrosome (Moore et al. , 1993). Some of the acrosin has been reported to be retained to the 
JAM (Berruti & Martegani, 1984; Tesarik et al. , 1988; Gallo et al. , 1991). Recently it was 
suggested that the JAM-bound enzyme may be solely a-acrosin, which mediates ZP penetration 
(Eberspacher et al. , 1991). 
1. 7. Penetration of the zona pellucida. 
After, or perhaps even during, AR the spermatozoon penetrates the ZP. Not much is 
known about this process. In the mouse, the acrosome-reacted spermatozoon first seems to 
accomplish a tight binding to the zona-protein ZP2. It should be noted that this secondary 
binding differs from the initial binding of acrosome-intact sperm to ZP3. The ligand to ZP2 is 
located in the JAM, which is only exposed in acrosome-reacted spermatozoa (Mortillo & 
Wassarman, 1991). Mouse sperm binding to ZP2 was shown to be sensitive to trypsin-inhibitors 
(Bleil et al. , 1988) . 
Such a model could well apply for other species than mouse, since ZP-binding properties 
have been assigned to acrosin, which is released/exposed during AR (Topfer-Petersen & 
Henschen, 1988; Jones et al. , 1988). Another candidate to mediate secondary ZP-binding was 
first discovered in guinea pig sperm (Primakoff et al. , 1985). In constrast to (the acrosomal) 
acrosin, this protein, termed PH-20, is located in the postacrosomal membrane of acrosome­
intact sperm, and relocalizes to the IAM during AR (Cowan et al. , 1987). The gene encoding 
PH-20 was found to be present in other mammals, including human (Lathrop et al. , 1990; Lin 
et al. , 1993). 
Thus, both an acrosomal, and a plasma membrane protein are proposed to be involved in 
secondary ZP-binding. Why acrosome-reacted spermatozoa cannot initiate ZP-binding remains 
unresolved. It may be possible that either ZP2 is (locally) activated just before or during AR, or 
the sperm ligand is (transiently) activated during AR, after which immediate binding to ZP2 
should occur. 
In any case, once this secondary binding is accomplished, the sperm penetrates the 
glycoprotein matrix. It is strongly suggested that acrosin is involved in this process, since 
acrosin deposits have been observed at the site of ZP entry (Tesaiik et al. , 1988; Tesaiik, 
1989), and acrosome-reacted spermatozoa cannot penetrate the matrix in the presence of trypsin 
inhibitors (Liu & Baker, 1993). Furthermore, non-human acrosin possesses ZP-degrading 
properties (Eberspacher et al. , 1991) .  It has been suggested that JAM-bound a-acrosin mediates 
the penetration, and that during the process it is converted into 6-acrosin that is released from 
the JAM before the spermatozoon reaches the oocyte membrane . 
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1.8 Fertilization 
After penetration of the ZP usually only one spermatozoon reaches the perivitelline 
space , which is located between the ZP and the oocyte membrane (oolemma). The oolemma is 
arranged in numerous protruding microvilli to which the spermatozoon binds , followed by 
fusion of both gametes. Gamete fusion is a unique example of two cells destined to coalesce 
after a specific recognition and binding process. Since the membrane fusion occurring during 
fertilization itself is one of the least known steps in the process , it is necessary to draw parallels 
to other membrane fusion systems. 
1.8.1. Membrane fusion: a general overview 
In principle , cell-cell fusion is expected to proceed according to the same overall 
mechanism as proposed for exocytosis or intracellular vesicle fusion (see 1.6). Thus, the two 
separate phospholipid bilayers first have to come into close approximation in order to establish 
molecular contact ( "docking"). The second stage involves a perturbation in the opposed bilayers 
at the contact site ( "fusion pore formation"). The resulting membrane destabilization enables 
both bilayers to merge and the contents to mix ( "fusion pore dilation") (Hoekstra , 1990; White, 
1990 , 1992). 
The docking mechanism leading to sperm-egg fusion may be quite different from that in 
intracellular fusion systems , since no cytosolic factors can be involved . Instead , the actual 
fusion event may resemble the entry mechanism of enveloped viruses into their host cell 
(Hoekstra , 1990 ; White , 1990 , 1992). 
Proteins in the viral membrane mediate the binding to a specific molecule (protein or 
glycolipid) in the host cell membrane. Although specific binding to the target membrane may 
facilitate aggregation of the membranes , it does not enhance the rate of fusion per se. Thus, 
viruses can fuse with pure lipidic membranes. Membrane perturbation is induced by the action 
of a viral peptide ( "fusion peptide"). The formation and characteristics of the fusion pore are 
best understood for influenza virus , where the fusion peptide resides in the hemagglutinin 
protein (HA). 
Influenza HA forms trimers , which first adhere to the target membrane. Mildly acidic 
pH triggers the insertion of the HA fusion peptide into the opposed bilayer and the membranes 
are pulled in close approximation. Membrane contact is probably achieved around a group of 
HA trimers. Most likely the initial pore consists of both proteins and lipids , in which the bilayer 
constituents can freely intermix. The transmembrane domain of HA may be required to achieve 
dilation of the pore , allowing the contents of virus and cell to mix and fusion is established 
(Kemble et al. , 1994). The expression of HA in an otherwise non-fusogenic cell membrane 
provides this cell fusogenic properties. 
Like influenza HA most (but not all) other viral fusion proteins have the following 
characteristics. The protein is an oligomer (usually a trimer) , built of monomers consisting of 
two subunits. One subunit may harbour the binding domain , the other subunit contains both a 
transmembrane domain and a fusion domain , which can adopt a hydrophobic a-helix 
conformation. Whether such a structure would apply to a potential sperm fusion protein will be 
discussed in the next sections. 
1.8.2. Sperm-egg interaction: morphological observations 
From electron microscopy studies the initial contact of the mammalian spermatozoon 
with the oolemma is made by the sperm's ES. The subsequent merging of the plasma 
membranes was initially thought to involve both the ES and postacrosomal membrane. 
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However, the current opinion favours the specific involvement of solely the ES in the primary 
fusion event (Bedford et al. , 1979; Talbot & Chacon, 1982; Yanagimachi, 1988; Clark & 
Koehler, 1990). In a later stage also the postacrosomal membrane may take part in the bilayer 
mixing. Only after these fusion events, the 1AM (which is surface located after AR) and tail of 
the spermatozoon seem to be taken up by the hamster oocyte in a phagocytosis-like fashion 
(Clark & Koehler, 1990) (Fig. 4). 
Not many biochemical data are available for sperm-oolemma interaction. This is mainly 
due to the limited availability of oocytes. Especially in the human system research has been 
hampered due to practical and ethical reasons. Most of the studies, therefore, have been 
conducted using ZP-free golden hamster oocytes. Once the ZP is removed (by mild trypsin 
treatment) hamster oocytes are accessible for fusion with spermatozoa of all mammalian (and 
even avian) species tested sofar. Although most probably only acrosome-reacted spermatozoa 
fuse with the hamster oocyte (Barros et al. , 1988), this has never been unequivocally proven. In 
fact, the incidence of AR does not accurately reflect the fertilizing ability of the sperm (Yang et 





1 .8.3. Sperm-egg binding 
. .  �- - : . · • · · · ·. : · . .  
Fig. 4. Spenn-oocyte fusion. 
a. An acrosome-reacted spermatozoon has 
reached the perivitelline space after 
penetration of the zona pellucida and 
encounters the oolemma, which contains 
protruding microvilli. b. The spermatozoon 
binds to the microvilli via the equatorial 
segment (ES), where fusion between the 
gametes is initiated. c. In a later stage also 
the postacrosomal membrane is involved in 
fusion, and the sperm nuclear envelope is 
removed. The oocyte begins to engulf the 
spermatozoon. d. The spermatozoon is now 
entirely incorporated in the oocyte and the 
nucleus is expanding (decondensation). 
Binding of the spermatozoon to the oolemma requires proteins from both gametes 
(Yanagimachi, 1988). Although several mechanisms have been proposed (see e.g. Law et al. , 
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1988) , the currently most promising hypothesis is that the egg's sperm receptor belongs to the 
integrin family. In somatic tissues, integrins are involved in the contact with other cells (or the 
matrix in between). The integrins bind either to disintegrins in the opposite membrane or to 
connecting proteins which may contain a arg-gly-asp (RGD) sequence. 
Integrin-like proteins have been detected in the human oolemma (Fusi et al. , 1993; 
Anderson et al. , 1993). Furthermore, sperm-egg binding can be mediated by RGD-containing 
peptides or proteins, like fibronectin (Fusi et al. , 1992) or the complement component C3 
fragment C3b (Anderson et al. , 1993). The latter fragment was shown to be derived from its 
precursor C3, which could be accomplished by acrosin. C3b was shown to bind both to C3 
receptor (an integrin) present in the oolemma and to the ES of acrosome-reacted human sperm 
only (Anderson et al. , 1993). The C3b-binding protein in spermatozoa may well be membrane 
cofactor protein MCP (Cervoni et al. , 1992; Okabe et al. , 1990, 1992). A model has been 
proposed that MCP in acrosome-reacted spermatozoa bind to C3 receptor in the oocyte, which 
is mediated by C3b. The C3 could be derived from the female genital tract and cleaved to C3b 
by acrosin (Anderson et al. , 1993). This model is supported by data in other species (see 
below). Thus, the oocyte seems to follow a path for sperm-binding also employed by T­
lymphocytes. Indeed, spermatozoa have been shown to bind to these cells (Ashida & Scofield, 
1987). 
1.8.4. Sperm-egg fusion 
The equatorial segment. 
As described before, the ES changes its appearance during AR. During AR most of the 
OAM and its overlying PM are removed by vesiculation. At the posterior end of the acrosome a 
small part of the OAM is retained which is then joined to the PM. As a result a hairpin-like 
structure is formed, consisting of one continuous membrane (Fig. l ). Between the IAM and 
OAM parts of the newly remodeled ES some of the acrosomal matrix, with its enzymatic 
constituents is retained (Huang & Yanagimachi, 1985; Yanagimachi, 1988). A few identified 
proteins have been reported to become accessible in the ES after AR, like MCP (Okabe et al. , 
1990; probably functioning in egg-binding) and the heat shock protein hsp 90 (Miller et al. , 
1992; function unknown). 
The ES appears to be a stable structure, at least at the structural level, and is resistant 
towards sonication and extraction procedures (Olson & Winfrey, 1991). Intracellularly, bridging 
structures between the 1AM and OAM parts of the ES can be observed using electron 
microscopy (see Huang & Yanagimachi, 1985). 
An important alteration in ES properties during AR is the acquistion of fusion 
competence. The alterations leading to the acquisition of fusion capacity may be the result of a 
changed membrane lipid and/or protein composition. For boar sperm, the seminolipid was 
shown to redistribute to the ES during capacitation and retained in this region during AR 
(Gadella, 1994). This lipid may induce the hexagonal II phase, which was suggested to enhance 
the fusogeneity of the ES region. For hamster, mouse and guinea pig sperm the presence of K+ -
ions is required to gain fusion competence (see Yanagimachi & Bhattacharyya, 1988). Finally, 
in human sperm, a metalloendoprotease has been thought to play a role in the activation of the 
ES during AR, probably by proteolytic activation of a fusion protein (Dfaz-Perez & Meizel, 
1992; but see chapter 7). 
Sperm fusion proteins. 
As for fusion in other biological systems, it is likely that spermatozoa use fusion 
peptides to induce the actual merging step. Some evidence has been obtained for the existence 
of such proteins. Monoclonal antibodies against mouse and guinea pig spermatozoa have been 
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shown to specifically inhibit sperm-egg fusion (without affecting binding; Saling et al. , 1985; 
Primakoff et al. , 1987). The antibody to the putative fusion protein in mouse was shown to be 
crossreactive with human sperm, and located in both species in the ES, the proposed site for 
initiation of gamete fusion. 
The guinea pig sperm protein PH-30 has been shown to consist of two different subunits, 
both with transmembrane domains. One subunit exhibited homology with integrin-binding 
proteins, and it was suggested that this subunit could be involved in the binding to the oolemma 
(see above). The other subunit contained a sequence with some similarity to viral fusion 
proteins (Blobel et al. , 1992). As argued in 1.8.1. ,  the PH-30 protein is therefore, a primary 
candidate to represent the sperm factor involved in the interaction with the oolemma. The 
protein appears to be completely activated in the epididymis, and is located in the postacrosomal 
membrane of epididymal spermatozoa. No change in localization and other properties are 
reported to occur during/after AR (Blobel et al. , 1990). The latter observations seem to contrast 
with the opinion that the ES acquires its fusion competence during AR. It remains to be 
established whether the isolated PH-30 protein can induce fusion of membranes. 
Such direct evidence has thusfar only been obtained for potential fusion proteins from 
some marine invertebrate species (Glabe, 1985; Hong & Vacquier, 1986). Two of these 
proteins have been shown to be monomers containing viral-like fusion peptides, but a 
transmembrane domain was lacking in one of them (Glabe & Clark, 1991). Whether all putative 
sperm fusion proteins indeed function as such, or whether they will fit in a common fusion 
machinery theme remains matter of speculation. 
1.9 . .  Scope of the thesis 
As is shown in this introduction, fertilization in mammals and the events occurring in the 
spermatozoon before gamete fusion can be accomplished are on many points still subject to 
speculation and discussion. The process leading to fertilization can be divided in distinct steps 
which have to occur in a specific sequence. Gaining insight in these processes is a major 
biological challenge, since the highly polarized nature of the spermatozoon provides a means to 
study membrane (lipid) domain organization, whereas the interaction with both the ZP and the 
oolemma offers the possibility to learn about cell-cell recognition and fusion. More knowledge 
about the fertilization process is of clinical relevance. Increased insight in the stages leading to 
fertilization allows the development of methods to detect sperm defects, and possible therapeutic 
treatments. 
However, the available methodology to study the steps towards fertilization is 
insufficient and a cause of many contradictory results. Therefore, a main part of this thesis 
presents techniques to study some processes occurring in the spermatozoon. When the work for 
this thesis started, the only available assay to study fertilizing capacity was the hamster oocyte 
test, for which many animals have to be sacrificed. Therefore, special efforts were undertaken 
to investigate the sperm factors involved in the fusion with the oolemma. An alternative method 
was developed to study this least understood process in gamete interaction. 
In chapter 2 a method for the labeling of sperm surface molecules is described, which was used 
throughout the further studies. Using this labeling method, a monoclonal antibody was 
produced, directed against a sperm-specific surface protein, which may function in the 
maintenance of the domain structure (chapter 3). The development of two methods to study 
zona pellucida-induced acrosome-reaction is described in chapters 4 and 7. For studying solely 
the sperm factors involved in sperm-egg fusion artificial membranes (liposomes) were used in 
chapter 5. The liposomes appeared to interact only with the equatorial segment of acrosome­
reacted spermatozoa. The interaction was seen as either binding or fusion. In chapter 6 it is 
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shown that lipids that are incorporated in the ES by fusion cannot diffuse beyond the margins of 
this membrane domain. This implies the existence of specific lipid diffusion barriers in the ES, 
which can be eliminated by EDTA treatment. The involvement of sperm proteins in the 
interaction with liposomes was studied in chapter 7. Proteins involved in the fusion with 
liposomes were shown to be only accessible after induction of the AR. The two end points of 
liposome interaction with the ES (binding and fusion) appeared to utilize two different routes. 
Finally (chapter 8) , some of the developed methods were used to study the spermatozoa of men 
whose spermatozoa failed to fertilize oocytes in vitro. The detection of unresponsive 
spermatozoa towards AR induction by zonae pellucidae, which has hitherto not been reported, 
supports the validity of the assays and offers the possibility of routine testing. 
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Abstract 
The present study was designed to analyze the protein composition of the human 
spermatozoa! plasma membrane using a sensitive, non-radioactive labeling technique that does 
not affect sperm functions. 
We investigated whether labeling with biotin fulfilled these requirements. The effectivity 
of biotinylation was demonstrated by avidin-induced sperm agglutination, adherence of avidin­
coated polycarbonate beads and binding of avidin-FITC. Protease treatment, leaving 
spermatozoa intact, removed all biotin moieties. Thus only surface components became labeled. 
Biotinylation did not affect motility or results of the zona-free hamster oocyte test, but binding 
to human zonae pellucidae was augmented. 
Extracts of biotinylated spermatozoa were separated by SDS-PAGE and, after blotting, 
stained with avidin-conjugated alkaline phosphatase. Electrophoretic mobility and antigenicity 
was not visibly changed by biotinylation. About 20 bands were reproducibly recognized. 
Presence of major bands showed a good agreement with previous reports. We detected at least 
eight other protein bands. 
We concluded that biotinylation of intact spermatozoa is an effective procedure allowing 
a sensitive analysis of the human spermatozoa! surface. 
Introduction 
Very little is known about the protein composition of the human spermatozoa! plasma 
membrane (PM) . The existence of auto- and iso-antibodies against spermatozoa! surface 
antigens demonstrates that some of these are specific for spermatozoa. The function of these 
antigens is unknown, however. On the other hand, there is an accumulating evidence for the 
involvement of surface proteins in the fertilization proces. The spermatozoa! PM is highly 
involved in the regulation of events leading to fertilization. The process termed capacitation may 
include the removal of peripheral proteins1 •2 and may be accompanied by the topographical 
rearrangement of surface proteins. 3•4 The initial binding to the zona pellucida is thought to be 
by a ligand localized in the acrosome-overlying part of the PM. 5•6•7 After contacting and 
binding to the zona pellucida the acrosome reaction (AR) is induced7 and the equatorial segment 
of the spermatozoon gains the ability to recognize and fuse with the vitelline membrane of the 
oocyte. 8•9 The AR leads to exposure of hitherto masked components that may be involved in the 
secondary binding to the zona pellucida5• 10 and association and fusion with the oocyte. 1 1 • 1 2• 13 
Surface proteins may also be involved in the interaction with the vitelline membrane. 14• 15 None 
of these PM components have been definitely identified so far. 
In order to analyze the protein composition labeling of the PM surface is an essential 
step. In previous studies on spermatozoa! PM proteins mainly methods employing radioactive 
labels were applied. 16-23 In the present paper we used the non-radioactive label biotin. We 
demonstrate that biotinylation is harmless to human spermatozoa and does not affect their main 
functions. Furthermore, biotinylation offers the advantage of rapidly checking the extent and 
localization of labeling, in conjunction with an easy detection and isolation of surface proteins. 
Materials and methods 
Spermatozoa 
Human ejaculated spermatozoa were obtained from men who were normospermic 
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according to WHO criteria . 24 Ejaculates were collected by masturbation into a wide-mouth 
plastic jar and delivered at the laboratory within two hours after ejaculation. Semen was 
liquefied at 37 °C for 30 minutes and spermatozoa were harvested by using a Percoll (Pharmacia 
Llffi Biotechnology, Uppsala, Sweden) gradient . 
Isotonic Percoll (100 %) was prepared by adding one volume of lOx concentrated Earle 's 
balanced salt solution (Serva, Heidelberg, FRG) to 9 volumes of Percoll. Dilution to 70 % 
Percoll was done with sperm buffer . Sperm buffer consisted of 2.7 mM KCl, 0.5 mM MgC12 , 
0. 7 mM NaH2PO4 , 10 mM HEPES, 10 mM NaHCO3 , 1 15 mM NaCl and 0. 1 % (w/v) glucose ; 
pH was brought on 7 .4 and osmolarity on 285 mOsm.  
Liquefied semen was layered on top of 70 % Percoll and the cells were fractionated by 
centrifugation at 600 x g for 30 minutes. The pellet was washed once with sperm buffer and 
suspended in sperm buffer to the desired concentration. Only preparations with more than 80 % 
motile sperm were used. 
Supravital staining 
The proportion of spermatozoa with damaged cell membranes was determined with a 
supravital staining method . 25 In this method dead spermatozoa stain red if incubated with eosin 
Y .  
Determination of acrosomal integrity 
Acrosome-reacted cells were detected using the method of Cross et al. 26 which was 
slightly modified. Fifty µ1 spermatozoa preparation were fixed by suspension in 1.0 ml 
methanol at room temperature for 30 minutes and 5 µ1 of the suspension was air-dried on slides. 
The slides were covered with a droplet of FITC-labeled Pisum sativum agglutinin (PSA-FITC, 
Sigma, St . Louis, MO), at a concentration of 50 µg/ml in phosphate buffered saline (PBS), and 
incubated in a humid Petri dish in the dark for 15 minutes. After rinsing with tap water the 
slides were mounted with the antifading reagent orthophenyl diamine .27 At least 100 
spermatozoa were scored for FITC-fluorescence on the apical segment . Acrosomeless 
spermatozoa either did not fluoresce or had a stained equatorial segment . 
Surface labeling 
Spermatozoa were labeled with sulfosuccinimidyl 6-(biotinamido) hexanoate (NHS-LC­
biotin) purchased from Pierce Europe B. V. (Oud Beijerland, the Netherlands) . Immediately 
prior to use the NHS-LC-biotin was dissolved to 6 mg/ml in dimethylsulfoxide and added to 
100 x 106 spermatozoa/ml sperm buffer at a final concentration of 0 . 15 mg/ml. Labeling was 
routinely carried out for 30 minutes at room temperature . The spermatozoa were pelleted at 600 
x g for 5 minutes and unreacted NHS-LC-biotin was removed by two wash steps with sperm 
buffer. The labeled spermatozoa were resuspended in sperm buffer to the desired concentration . 
Visualization of the biotinylated surface 
Routinely, the extent of biotinylation was assessed by monitoring the ability of motile 
spermatozoa to bind avidin-coated latex-beads prepared as follows: 200 µl carboxylated latex­
beads (Polybead Carboxylate microspheres, #18327, diameter 2 µm, Polysciences, Inc ., 
Warrington, PA) were washed two times with saline at 6000 x g for 5 minutes. The sediment 
was incubated with 150 µI avidin (1 mg/ml) for 60 minutes at room temperature . Non-bound 
avidin was removed by washing and the beads were suspended in 150 µl saline. Droplets of the 
avidin-coated beads, 10 % BSA in sperm buffer, and sperm suspension were mixed on slides and 
percentage of motile spermatozoa and labeling pattern were scored for associated beads. 
The pattern of biotinylation was studied by the binding of avidin-FITC (Sigma, A-290 1) 
to biotin moieties on the surface . Spermatozoa were suspended to 100 x 1 ff per ml in sperm 
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buffer, which contained 1 % BSA to prevent aspecific binding of avidin-FITC that was added to 
a final concentration of 0.2 mg/ml. After 30 minutes incubation at room temperature the non­
associated avidin-FITC was removed by two wash steps with sperm buffer + 1 % BSA. The 
fluorescence pattern was studied on a Leitz Dialux microscope using incident illumination. Non­
biotinylated spermatozoa never bound avidin-FITC. 
The Zona-Free Hamster Oocyte (ZFHO) Test 
ZFHO tests were performed according to the recommendations of the World Health 
Organization,24 but slightly modified. ZFHO medium consisted of BWW medium28 
supplemented with 10% pooled serum from pregnant women.29 Briefly, spermatozoa were either 
biotinylated as described before or mock-treated with 2.5 % DMSO. After 30 min incubation the 
spermatozoa were washed twice via centrifugation with ZFHO medium and brought to a 
concentration of 5-10 x 106 motile sperm per ml. The suspensions were incubated for 18 hours 
at 37°C in test tubes to induce capacitation. Zona-free hamster oocytes were obtained after 
superovulation in golden hamsters, by treating the cumuli with hyaluronidase, and digesting the 
zonae with trypsin. Capacitated sperm were coincubated with about 20 zona-free hamster 
oocytes for 2 to 3 hours. Then the oocytes were evaluated for presence of decondensed sperm 
heads using phase contrast or interference contrast microscopy. Normal donor sperm served as 
a positive control each day the tests were performed. 
Association to human zonae pellucidae 
Zonae pellucidae were obtained from human oocytes remammg unfertilized after 
subjecting them to standard IVF procedures. The oocytes were washed by transferring through 
several drops of PBS and frozen at -60°C without any cryoprotectant. After thawing, the vitelli 
had completely collapsed, the zonae however remained virtually intact. The zonae were washed 
free from remaining sperm and added to droplets of non-labeled and biotinylated spermatozoa in 
ZFHO medium. Each incubation was done with three zonae. The droplets were covered with 
prewarmed paraffin oil and incubated at 37°C. After one and 1.5 hours incubation zonae were 
transferred through several drops of medium until no accompanying, non-bound spermatozoa 
were observed anymore. Attached spermatozoa were counted using phase-contrast or 
interference-contrast microscopy. 
Tray agglutination test (TA n 
The tray agglutination test was performed according to Friberg, 30 modified by Hellema 
et al.31 and Jager et al.32• Fluids to be tested for sperm agglutinating activity were diluted 
twofold serially on Cooke microtiter plates (Greiner) with V-shaped wells, with a starting 
dilution of 1:4. Five microliters of each sample dilution was transferred, with the aid of a 
microsyringe with a disposable tip, to a disposable test tray (Mcpller-Coates AS, Moss, Norway) 
under liquid paraffin oil. To each 5 microliters of diluted sample 1 microliter of a sperm 
suspension was added. After incubation at 37 °C for 2 hours titer and type of sperm 
agglutination. 33 was noted. 
SDS-polyacrylamide gel electrophoresis (SOS-PAGE) 
Human sperm nuclei swell in the presence of both SDS and disulphide bond reducing 
agents at high pH.34 Therefore, spermatozoa were first suspended in 10 mM glycin, pH 6.0; 1 % 
SDS; 1 mM PMSF to a concentration of 100 x 1Q6/ml and extracted for one hour at room 
temperature. Non-solubilized material was removed by centrifugation at 15,000 x g for 5 
minutes. The resulting supernatant, containing approximately 2 mg extracted protein/ml, was 
brought to 2%  SDS, 10 mM Tris, pH 6.8, 0.01 % bromophenolblue and 2 mM dithioerythritol 
was used to reduce disulphide bonds. Samples were boiled for 5 minutes and stored at -20°C 
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until use. 
Discontinuous SOS-PAGE was performed on 12.5% polyacrylamide gels using the 
buffer system of Laemmli;35 approximately 100 µg protein (the equivalent of 5 x Hf sperm) 
was loaded per slot. After electrophoresis gels were either silver stained36 or the separated 
proteins were transferred to nitrocellulose using a Multiphor II NovaBlot Electrophoretic 
Transfer Unit (LKB Produkter AB, Bromma, Sweden) according to the recommandations of the 
manufacturer. Protein blots were incubated with PBS/1 % gelatin for one hour at room 
temperature to block free nitrocellulose groups. 
Detection of biotinylated proteins on blots 
After blocking the blots were incubated with avidin-alkaline phosphatase (avidin-AP, 
Boehringer Mannheim, FRG) in a final concentration of 1 µg/ml in PBS/1 % gelatin for one 
hour. Then, the blots were washed with PBS/0.05 % Tween-20 and colour was developed with 
nitro blue tetrazolium (NBT; 0.15 mg/ml) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP; 75 
µg/ml) in 100 mM Tris, pH 9.5; 100 mM NaCl; 5 mM magnesiumchloride. 
Detection of antigens with anti-spermatozoa antibodies (ASA) 
To test whether biotinylated proteins retained their antigenicity we used ASA-containing 
serum of a patient to detect proteins on the nitrocellulose blots. Blocked blots were incubated 
with the serum (1: 100 in PBS/ 1 % gelatin) overnight at room temperature. After washing three 
times with PBS/0.05 % Tween-20 the blots were incubated with anti-human IgG, conjugated to 
alkaline phosphatase (Bio-Rad Laboratories B. V. , V eenendaal, the Netherlands; working 
dilution 1:500 in PBS/1 % gelatin) for 2 hours at rodm temperature. After washing the colour 
was developed with NBT and BCIP as described before. 
Proteolytic treatment of spermatozoa 
To test whether only surface proteins became labeled we subjected biotinylated 
spermatozoa to a proteolytic treatment. Biotinylated spermatozoa were suspended to 100 x 1()6 
cells per ml sperm buffer and incubated with 100 µg/ml pronase E (Sigma) for 15 minutes at 
room temperature. Spermatozoa were then checked for motility and vitality and compared to the 
non-treated control. Also, spermatozoa were pelleted and suspended to 200 x lOS/ml in 
glycin/SDS-buffer and prepared for SOS-PAGE. Gels were either silverstained or blotted to 
nitrocellulose and stained with avidin-AP. 
Statistical analysis 
In the zona-free hamster oocyte test results for biotinylated and non-label� control 




The kinetics of biotin labeling was followed with avidin-coated polycarbonate beads 
(Fig. 1). After 10 min incubation with NHS-LC-biotin the beads adhered to the spermatozoa 
only at the end piece of the tail. Affinity for the beads at the midpiece and principal piece of the 
tail required a labeling period of 20 min, for the head 30 min. We, therefore, routinely 
biotinylated spermatozoa for 30 min at room temperature. After 30 min biotinylation 
spermatozoa from some men bound beads only to the end piece of the tail. However, if these 
spermatozoa had a few additional washes beads also adhered to the heads and the rest of the 
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tail. 
Collection of avidin-coated beads by labeled, motile spermatozoa started at the end piece 
of the tail. Within one min all motile spermatozoa were completely covered with beads (Fig. 
2A). Mixed agglutinates were observed neither with uncoated beads nor with non-biotinylated 
spermatozoa. 
The biotin labeling pattern of spermatozoa could also be visualized with avidin-FITC. 
After labeling with NHS-LC-biotin for 30 minutes all motile spermatozoa displayed evenly 
distributed fluorescence (Fig. 2B). In the non-biotinylated control motile spermatozoa were 
devoid of bound avidin-FITC. In some preparations the spermatozoa contained cytoplasmic 
droplets, which were hardly visible with light microscopy, but became evident upon 
biotinylation and incubation with avidin-FITC. This is particularly visible in Fig. 2B, in which 
the cells were treated with azide, which causes the cytoplasmic droplet to swell. Spermatozoa 
from men that did not bind avidin-coated beads after routine labeling procedures, also did not 
show affinity for avidin-FITC. Binding of the fluorescent probe could be restored after 
additional wash steps. 
Biotinylation of the whole surface was also demonstrated by the induction of sperm 
agglutination upon addition of 3 µg/ml avidin to a labeled sperm suspension. The agglutination 



















Fi.g. 1. Kinetics of biotinylation 
as detected by avidin-coated bead 
binding. 
Spermatozoa (100 x 1 (f per ml) 
were incubated with NHS-LC­
biotin (0. 15 mg/ml) at room 
temperature. At the indicated 
times 250 µI-samples were 
removed and washed two times 
with sperm buffer. Droplets of 
avidin-coated beads, 10% BSA, 
and sperm suspension were mixed 
on slides. The fraction of the 
population showing binding of the 
beads to the head (filled bars}, 
midpiece and principal piece of 
the tail (hatched bars), and 
endpiece of the tail (open bars) 
were estimated. 
Effect of biotinylation on sperm functions 
Incubation of spermatozoa for 30 minutes with NHS-LC-biotin reduced motility only 
slightly. When a suspension with 90 % motile cells was subjected to the labeling procedure, 
70% of the spermatozoa retained their motility. In addition, 90% remained impermeable to 
eosin, whereas the acrosomal status, as determined with PSA-FITC, was unaffected (before and 
after biotinylation respectively 5.6%  + 6.1 and 5.8%  + 6.4 damaged or absent acrosomes). 
The motility of biotinylated spermatozoa was even preserved overnight when capacitated for the 
zona-free hamster oocyte test. 
Biotinylation of spermatozoa did not have any effect on the results of the zona-free 
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Fig. 2. Visualization of the biotinylated spennatozoal surface. 
a. Binding of avidin-coated beads. Droplets of avidin-coated beads and biotinylated spenn were 
mixed on slides. After JO sec 0. 1 % sodium azide was added to inhibit motility and, hence, to 
stop collection of beads. Some spermatozoa are already completely covered with beads, whereas 
others posses only beads associated to the tail. Phase contrast microscopy, bar = 25 µm. 
b. Fluorescence pattern after incubation with avidin-FITC. Biotinylated spennatozoa were 
incubated with avidin-FITC as described. For photography motility was inhibited by addition of 
0.1 % azide, which causes tails to curl up and the cytoplasmic droplet to swell. The spermatozoa 
display evenly distributedfluorescence. Fluorescence microscopy, bar = JO µm. 
c. Avidin-induced agglutination. For photography biotinylated spermatozoa were incubated 15 
min with 20 µglml avidin on slides in a humid chamber. After inhibiting motility with 0.1 % 
azide the cover slip was carefully placed to keep the agglutinates intact. Spermatozoa are cross­
linked by avidin head to head, head to tail, and tail to tail. Interference contrast microscopy, 
bar = JO µm. 
hamster oocyte test (table I). For six donors tested, both biotinylated and non-biotinylated 
spermatozoa adhered to the oocytes to the same extent. No difference in the percentage of 
oocytes with decondensed sperm heads and the number of decondensed sperm heads per oocyte 
were found for the two types of spermatozoa. 
After 1.5 hr coincubation 10 to 40 non-biotinylated spermatozoa bound to each human 
zona pellucida. Biotinylated sperm showed a stronger affinity to the zona, over 100 adhered to 
each zona. Both types of spermatozoa bound tightly because they could not be removed by 
thorough washing. 
Characterization of labeled ,protein bands 
Our procedure extracted all biotinylated proteins from the spermatozoa, since avidin­
FITC did not bind to the remaining structures. 




Table I: Effect of biotinylation on the results of the zona-free hamster oocyte test. 
mean adherent sperm percent eggs with mean decondensed 
number of eggs per egg decondensations sperm heads per egg 
ca Bb C B C B C B 
donor 1 10  10 14 . 5  ± 9 . 0  18 . 0  ± 4 . 2  60 70 1 . 3  ± 1 . 3  1 . 6  ± 1 . 6  
donor 2 9 8 9 . 4  ± 1 . 7  1 . 3  ± 2 . 3  89  50  1 . 9  ± 1 . 0  0 . 9  ± 1 . 0  
donor 3 9 9 10 . 0  ± 8 . 3  2 . 8  ± 3 . 6  3 0  2 0  0 . 7  ± 1 . 3  0 . 1 ± 0 . 3  
donor 4 8 9 15 . 0  ± 7 . 0  18 . 3  ± 5 . 0  50  63  0 . 7  ± 1 . 1  0 . 8  ± 1 . 0  
donor 5 10 10 11 . 0  ± 8 . 1  7 . 5  ± 7 . 5  2 2  1 1  0 . 6  ± 1 . 0  0 . 2  ± 0 . 4  
donor 6 10 8 6 . 0  ± 3 . 2  11 . 3  ± 5 . 8  3 8  44  1 . 0 ± 1 . 2  1 . 1 ± 1 . 0  
---
P = 0 . 529c P = 0 . 675  P = 0 . 3 4 5  
a c = control spermatozoa : mock-treatment with 2 . 5% DMSO prior t o  overnight capacitation . 
b B = biotinylated spermatozoa : biotinylation prior to overnight capacitation . 
c Wilcoxon matched-pairs signed-rank test . 
Approximately 2 ng protein could be detected by this method, which is 5 times more sensitive 
than silver staining as was determined with BSA. Blots from different individuals usually 
displayed the same basic protein profile (Fig. 3B). Always observed were proteins of Mr 110 
(often seen as a doublet), 101, 91, 85, 73, 68, 65, 60, 56, 53, 48, 45, 40, 37, 33, 29, 27, 23, 
21, 19, and 17 kDa (Fig. 3B). A protein of Mr 125 kDa was present in seven of the ten gels 
inspected (not visible in Fig. 3B). In some samples minor components could be observed, 
especially between 50 and 100 kDa and in the high molecular weight range. Furthermore, 
staining intensity of the prominent bands could vary considerably for different samples. This 
variation in protein profile and staining intensity was not merely due to interindividual 
differences, but was often observed in different samples from the same individual. It should be 
emphasized, however, that the basic protein profile was always recognizable. 
Silver staining of the separated proteins revealed most of the bands that were also 
detected in the avidin-AP stained blots (Fig. 3A). No differences in molecular weight were 
observed in the protein patterns of labeled and non-labeled spermatozoa (Fig. 3A). To see 
whether intracellular proteins would also be biotinylated, we treated the spermatozoa with the 
protease pronase. Protease treatment left motility and vitality unchanged, indicating that the 
membranes had remained intact and that therefore the protease did not have access to the 
intracellular compartments. This was confirmed by screening of the acrosomal status with PSA­
FITC, which showed that the amount of intact acrosomes had not decreased. However, the 
protease treated cells had lost any affinity for avidin-coated beads, whereas on protein blots no 
biotin moieties could be detected anymore (Fig. 3B). The corresponding silver stained gel 
showed that most of the proteins had been degraded with the exception of a few proteins with 
Mr values of 56, 48 and 42 kDa (Fig. 3A). Other polypeptides between 14 and 20 kDa were 
also observed (Fig. 3A). This indicates that only surface proteins had become labeled and that 
the membrane is impermeable to the NHS-LC-biotin. 
Biotinylation does not affect antigenic sites 
To see whether the covalent binding of biotin to surface proteins would change their 
antigenic properties we investigated the interaction of biotinylated spermatozoa with anti-sperm 
antibodies (ASA) using the TAT and immunoblotting. 
In the TAT sera were tested that gave rise to either head-to-head or tail-to-tail 
agglutination. No difference in titers and agglutination patterns could be detected between 
untreated and biotinylated spermatozoa. 
We also compared non-labeled and biotinylated extracts by immunoblotting. In Fig. 4 
the results are shown of a serum with a high titer (4056) of head-head agglutinating ASA. For 
the serum tested all proteins had retained their antigenicity after biotinylation. Furthermore, no 
differences in molecular weight due to labeling were observed. Whether only surface proteins or 
also intracellular antigens are recognized by the ASA is currently under investigation. 
Discussion 
Biotinylation has been used for labeling of the membrane surface of several somatic cell 
types. 37•38 We have demonstrated that sulfonated N-hydroxysuccinimide (sulfo-NHS) esters of 
biotin also label the spermatozoa! surface effectively. This was shown by taking advantage of 
the high affinity of biotin for avidin. 
Motile spermatozoa collected avidin-coated beads on all parts of the cell. The most 
readily exposed part appeared to be the tail, which was already labeled after 10 minutes 
incubation with the reagent. The midpiece and head required extended incubation periods to 
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a. SDS-PAGE pattern of total sperm protein. Spermatozoa were extracted with 1 % SDS and the 
equivalent of 5 x UI cells was loaded per slot on a 12.5 % gel. Proteins were visualized by 
silver staining. b. Detection of biotinylated proteins in sperm extracts. After separation by SDS­
PAGE proteins were transblotted to nitrocellulose and biotin moieties were detected by probing 
with avidin-conjugated alkaline phosphatase. Lanes al and bl: extract of biotinylated sperm. 
Lanes a2 and b2: extract of non-biotinylated sperm. Lanes a3 and b3: extract of biotinylated 
sperm after treatment with pronase. In a dots indicate the major polypeptides that had escaped 
total proteolysis. In b the major biotinylated surface proteins are denoted by dots. Molecular 
weight markers (Mr x 10-3) are indicated at the left. 
revealed that the label was evenly distributed over the cellular surface. Furthermore, the avidin­
induced agglutination patterns of biotinylated spermatozoa were also indicative for total surface 
labeling. 
Due to the hydrophilic properties of the sulfo-NHS-LC-biotin the reagent can be 
considered unable to penetrate the cell membrane39, which has been confirmed for somatic cell 
lines. 38 That the label was indeed confined to the spermatozoa! surface was shown by the effect 
of protease treatment. Pronase had no access to the intracellular compartments since the enzyme 
did not affect spermatozoa! motility, vitality and acrosomal integrity, which implies undamaged 
membranes. The protease treatment removed all detectable biotin moieties as revealed by 
protein blotting.  Thus only surface proteins became biotinylated. However, protease treated 
spermatozoa were still able to bind avidin-FITC, although the intensity of fluorescence was 
much lower than in the case of non-treated cells. Avidin-FITC could probably bind to 
biotinylated lipid components. We did not investigate this further. 
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Fi.g. 4. Immunoblotting of human spennatozoal proteins. 
Sperm extracts were separated by SDS-PAGE, transblotted to 
nitrocellulose and probed with a serum containing anti­
spermatozoal antibodies. 
Lane 1: extract of biotinylated sperm. Lane 2: extract of non­
biotinylated sperm. Proteins that were visible on the original blot 
are indicated by dots. Molecular weight markers are indicated at 
the left (Mr x 10-3) 
Some sperm preparations hardly bound avidin-coated beads or avidin-FITC after routine 
biotinylation procedures. Additional wash steps restored binding to both probes. Presumably, in 
these cases the biotin is masked by sperm coating substances. However, this coating substance 
does not prevent labeling of the spermatozoa! surface as demonstrated by a normal pattern of 
biotinylated proteins on blots. The existence of a coating layer may account for the slight 
variation in labeling intensity and protein profile observed on blots. The coating was usually 
found with spermatozoa from the same individuals but not with all their ejaculates. The nature 
of the substance is not clear, but it is unlikely to consist of proteinaceous components since it 
did not affect the protein patterns on the blots. 
The labeling procedure appeared to be a very mild treatment. Motility and vitality were 
practically unaffected and the acrosomal membrane remained intact. In addition, the antigenicity 
of surface components towards antispermatozoal antibodies in patients serum appeared to be 
unaltered. In the TAT no difference in titer or type of agglutination activity was observed. 
Furthermore, the biotinylation did not influence the interaction of antibodies and protein 
components in immunoblotting. 
Labeling of the sperm surface with biotin did affect some but not all sperm functions. 
The results of the zona-free hamster oocyte test, i.e. binding of spermatozoa to the oocyte 
surface, fusion of oocytal and spermatozoa! membranes and decondensation of sperm heads in 
the ooplasm, were unchanged. However, binding to human zonae pellucidae was enhanced. It is 
unknown whether the effect was due to aspecific binding of the biotin moieties to the zonal 
matrix or to an augmentation of the receptor-ligand interaction. The effect of biotinylation on 
sperm-cervical mucus interaction was also studied. However the results so far obtained were 
ambiguous. This is currently subject to further investigation. 
NHS-esters react with primary amines and thus mainly lysin residues will be biotinylated 
upon labeling of biological membranes.39 Using avidin-conjugated AP we detected more than 20 
biotinylated polypeptides on blots. In previous studies on spermatozoa! surface labeling mainly 
enzyme-catalyzed methods were applied. 11-19•21 •22 Lactoperoxidase-catalyzed iodonation (LCI) 
occurs on exposed tyrosin residues, whereas the galactose oxidase/sodium borohydrate method 
labels glycoproteins containing terminal galactose or galactosamine residues. Using these 
methods most investigators were able to label a relatively small number of proteins and usually 
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Table II: Apparent molecular weight values (klJa.) of protein bands observed with different 
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Aitken et al.20 used both enzyme-catalyzed methods mentioned above, a s  well a s  a solid 
phase procedure (using chloroglycoluril) to label sperm surface proteins. Although both the LCI 
and the solid phase procedures primarily label tyrosin residues, the latter method provided 
better labeling yields and more than ten polypeptides could be resolved on gels of TCA 
precipitated preparations. Naaby-Hansen23 incorporated radioactivity into glycoproteins by 
oxidation of sialic acid residues with sodium metaperiodate followed by reduction with sodium 
borohydrate. Some of the labeled proteins were also labeled by galactose oxidase/sodium 
borohydrate treatment; only one other protein was found labeled with the enzymatic method. 
Both methods appeared to label also surface associated proteins. Gabel et al. 16 compared the 
coupling of small isothiocyanate derivatives to mainly primary amines with the LCI procedure 
using hamster and sea urchin sperm. In addition to corresponding components each method 
labeled a unique set of proteins that escaped labeling by the other procedure. Differences in 
labeling patterns obtained with the different methods may not be merely due to the target 
residue of the procedure. Less exposed residues or polypeptides that are masked by a coating 
layer could well escape labeling catalyzed by enzymes, which are large molecules and may 
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require a more direct contact with the substrate. 
Several human sperm surface labeling studies have been carried out, all using different 
methods. Applying the LCI procedure Young & Goodman17 detected five proteins. Kallajoki et 
al.19 found seven surface glycoproteins with the galactose oxidase/sodium borohydrate method. 
The same method yielded Naaby-Hansen23 more than ten proteins, but only seven were shown 
to be integral membrane proteins. Most of these membrane proteins had comparable molecular 
weights to the surface proteins detected by Kallajoki et al.19 (table II). Chemical modification 
techniques were applied by Aitken et al.20, who resolved more than ten iodonated proteins using 
the solid phase labeling, and by Naaby-Hansen23 , who labeled nine membrane proteins by 
metaperiodate/borohydrate treatment. As is listed in table II the labeled components found by 
Aitken et al. 20 and Naaby-Hansen23 appear to resemble the most prominent bands that are 
reported in the present paper. All of the proteins from Young & Goodman17 and Kallajoki et 
al. 19 seem to match with some of these major components (table II). 
Although the detection by avidin-AP appeared to be very sensitive we could only detect 
20 to 30 biotinylated components. In contrast, Mack et al.40 reported the isolated PM of human 
sperm to contain over 150 polypeptides, as estimated on silver-stained gels after two­
dimensional electrophoresis. Many of the protein bands between 100 and 20 kDa on SOS-PAGE 
were shown to consist of several (five to ten) polypeptides with overlapping molecular weight, 
but different isoelectric points. Whether all these components become biotinylated remains to be 
established. A different approach to label PM proteins was made by Naaby-Hansen.23 Human 
spermatozoa were loaded with the hydrophobic reagent 3(trifluoromethyl)-3-(m­
[125I]iodophenyl)diazirine. After photoactivation more than 60 integral membrane proteins were 
detected. The molecular weights of these polypeptides varied between 200 and 20 kDa, but the 
majority possessed isoelectric points around 6. Only nine of these proteins were available for 
labeling by the metaperiodate/borohydrate method. Some of the PM polypeptides found by 
Mack et al.40 and Naaby-Hansen23 may be integral membrane proteins which could be 
inaccessible to labeling agents and proteases and thus escaped detection by our method. After 
protease treatment of spermatozoa we detected about 10 polypeptides which had evaded total 
proteolysis and could possibly reflect membrane-embedded proteins. The three polypeptides that 
were most heavily stained after proteolysis and possessing Mr values of respectively 56, 48 and 
42 kDa, could also be of acrosomal or cytosolic origin. In this regard, the 56 kD protein might 
reflect proacrosin, the precursor of the major acrosomal protease acrosin.41 
In conclusion, we have shown that biotinylation is an efficient, non-destructive method 
to label the spermatozoa! 
surface. Furthermore, several important sperm functions are unaffected by the procedure. The 
high affinity of biotin for several avidin-conjugates permits cytological and biochemical analysis 
of the labeled compounds with high sensitivity. 
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Production of monoclonal antibodies against human sperm-specific plasma membrane 
proteins has proven to be very inefficient (Anderson et al., 1987). This may be caused by the 
presence of surface coating substances originating from the epididymis or seminal plasma. We 
demonstrate that pretreatment of intact spermatozoa with trypsin effectively removes the sperm 
coat and reveals a highly immunogenic epitope allowing the production of sperm-specific 
monoclonal antibodies. 
Monoclonal antibody (mAb) H4 was subject to further study. No cross-reactivity of the mAb 
with human semen plasma, blood cells, and tissues could be detected. The mAb was directed 
against a surface-located antigen, since it induced sperm agglutination. Coating of spermatozoa 
with mAb H4 partly inhibited migration in cervical mucus, but no effect on zona pellucida­
binding and on interaction with zona-free hamster oocytes was observed. 
Analysis of H4-immunoprecipitates by polyacrylamide gel electrophoresis revealed three 
polypeptides with Mr 32, 31 and 28 kDa, when disulfide bonds were left unreduced. If 
immunoprecipitates were separated under reducing conditions, a single polypeptide of 16 kDa 
was detected. Antigenicity was lost by denaturation with sodium dodecyl sulfate and fixation 
with glutaraldehyde, suggesting that mAb H4 is directed against a conformational epitope. 
The mAb recognized a sperm membrane antigen which was located at the posterior basis of 
the sperm head. Transmission electron microscopy provided evidence that the H4-antigen is part 
of the annulus posterior, forming the border between the sperm tail and head plasma 
membranes and cytoplasmic compartments. The antigen may be involved in maintenance of 
sperm domain structure. 
Introduction 
Spermatozoa are highly specialized cells which express unique antigens that can elicit auto­
and iso-immune responses (Hjort, 1983). Antispermatozoal antibodies reactive with plasma 
membrane antigens, if present in semen or cervical mucus, can lead to reduced fertility (Kremer 
& Jager, 1992). Identification, characterization and isolation of these plasma membrane antigens 
is desirable both for studying the role of these antigens in the reproductive process and for 
eventual development of an anti-fertility vaccin. A rather recent approach to these aims is 
production of monoclonal antibodies reactive with spermatozoa! plasma membrane which has 
not been very effective so far. The majority of the monoclonal antibodies has been found to 
cross-react with cellular elements in non-reproductive tissues (Anderson et al. , 1987), with 
seminal plasma components (Wolf et al., 1983 ; Anderson et al., 1987) or with sugar moieties 
(Isojima, 1989). 
The low efficiency of the monoclonal antibody production might be due the presence on the 
spermatozoa of a large number of irrelevant immunogenic epitopes (lsojima, 1989). It has 
therefore been suggested that the mouse monoclonal antibody approach might not be efficient 
for the identification of human reproductive tissue-specific antigens (Anderson et al. , 1987). 
Arguing that protease treatment might remove irrelevant epitopes, we demonstrate in the 
present paper that production of mouse monoclonal antibodies agglutinating human spermatozoa 
indeed can be very effective if the immunization is performed with trypsinized spermatozoa. We 
describe a monoclonal antibody directed against a sperm-specific surface protein. The 
monoclonal antibody was found to agglutinate sperm and to cause partial inhibition of the 
motility in cervical mucus. However, no effect on the interaction with human oocytes could be 
detected. 
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Materials and methods 
Spermatozoa 
Semen samples were obtained from normal semen donors or from normospermic men 
visiting the fertility unit . Spermatozoa were harvested either by migration into a buffer layered 
upon the semen or by centrifugation through a 70% Percoll cushion as described previously 
(Arts et al ., 1994) . 
Surface labeling of spermatozoa with biotin 
To test the effectivity of the trypsin treatment and for immunoprecipitation, spermatozoa were 
labeled with biotin as described previously (Arts et al ., 1994) . In brief, spermatozoa were 
incubated with sulfosuccinimidyl 6-(biotinamido) hexanoate (NHS-LC-biotin) purchased from 
Pierce (Rockford, 11.) .  Immediately prior to use the NHS-LC-biotin was dissolved to 6 mg/ml 
in dimethylsulfoxide and added to 100 x 1()6 spermatozoa/ml sperm buffer at a final 
concentration of 0 . 15 mg/ml . Labeling was routinely carried out for 30 minutes at room 
temperature. The spermatozoa were pelleted at 600 x g for 5 minutes and unreacted NHS-LC­
biotin was removed by two wash steps with sperm buffer . The labeled spermatozoa were 
resuspended in sperm buffer to the desired concentration . 
Treatment of intact spermatozoa with trypsin 
Spermatozoa were separated from seminal plasma centrifugation through a cushion of 70 % 
Percoll in Earle's bufferd salt solution (EBSS, Serva, Heidelberg) containing 1 % (v/v) bovine 
serum albumin (BSA) . The sperm pellet was Jashed once in EBSS (without BSA) and 
resuspended in the same buffer to a concentration of 40 x 1<>6/ml . The sperm suspension was 
mixed with an equal volume of 0 .2 %  (w/v) trypsin (Sigma, St . Louis, Mo.) incubated on a 
roller bank for 1 h. The trypsinized sperm suspension was layered onto 70 % Percoll in EBSS 
and the sediment was washed three times . The resulting sediment was resuspended in portions 
of 0 .8 ml with a concentration of about 120 x 1()6 spermatozoa/ml . One portion was used for 
immunization, the second portion was stored at -70 °C for boostering . 
The effectivity of the protease treatment was tested by trypsinization of spermatozoa, 
surface-labeled with biotin . In contrast to sperm preparation for immunization, the trypsin 
treatment and all wash steps were performed in the presence of 1 % BSA . This had no effect on 
the efficacy of proteolysis (fig .  1) . After removal of the trypsin, motile spermatozoa were either 
tested for their ability to bind avidin-coated latex beads (Arts et al., 1994) or extracted for SOS­
PAGE and blotting as described below . 
Production of monoclonal antibodies 
Four mice were injected i.p. each with 100 µl EBSS containing 140 x 1<>6 spermatozoa per 
ml (equivalent to 100 µg protein per mouse) in complete Freund's adjuvans . Three weeks later 
blood was taken for determination of sperm agglutinating and sperm immobilization activity . 
The mice were injected again with spermatozoa in complete Freund's adjuvant in week 6 and 
the sera were tested in week 9. The mouse with the highest sperm immobilization titer was 
given a booster with the spermatozoa in incomplete Freund's and in week 12 the spleen was 
removed and the spleen cells fused with myeloma cells . 
The fusion was performed according to the procedure of Kennett ( 1980) as adapted by 
Astaldi et al . ( 1980) and modified by De Leij et al . ( 1983) . Briefly, myeloma cells and spleen 
cells were mixed and washed with RPMI 1640 medium (Gibco) . Fusion was induced by gently 
suspending myeloma cells and spleen cells in 1 ml of a serum free medium, pH 8 .0 ., containing 
50 % (w/v) polyethyleneglycol-4000. After incubation for 1 min at 37 °C, the mixture was 
diluted with 20 ml serum free medium and centrifuged (800 x g, 10 min) . The pellet was 
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suspended in 60 ml HAT medium containing 10% HECS (Astaldi et al., 1980) and distributed 
into 96-well microtiter plates. 
In week 12 supernatants of 288 cultures were tested for sperm agglutinating activity. Three 
cultures with sperm agglutination titers of at least 128 and a positive sperm immobilization titer 
were cloned in week 13. 
The specificity of the 11 supernatants of monoclonal sperm agglutinating antibodies with a 
sperm agglutination titer of at least 1024 was tested as described below. Two monoclonal 
hybridomas were chosen for further investigation and the other 9 hybridomas were 
cryopreserved according to De Leij et al. (1983). 
Tray agglutination test (TAT) 
The tray agglutination test was performed according to Friberg (1974) modified by Hellema 
et al. (1976) and Jager et al. , (1978). Fluids to be tested for sperm agglutinating activity were 
diluted twofold serially on Cooke microtiter plates (Greiner) with V-shaped wells, with a 
starting dilution of 1 :4. Five microliters of each sample dilution was transferred, with the aid of 
a microsyringe with a disposable tip, to a disposable test tray (Mcpller-Coates AS, Moss, 
Norway) under liquid paraffin oil. To each 5 microliters of diluted sample 1 microliter of a 
sperm suspension (40 x 106/ml) was added. After incubation at 37 °C for 2 hours titer and type 
of sperm agglutination (Rose et al., 1976) was noted. A positive and negative control serum 
were always included. 
Tray immobilization test (TIT) 
The TIT was performed as described previously (Jager et al., 1981). Five microliters of the 
sample to be tested were transferred to a disposable microtray under paraffin oil. Subsequently 
1 µI of a spermatozoa suspension (30 x 106/ml) and 1 µI of undiluted guinea pig serum (stored 
at -70°C). For the control, 1 µl of heat-inactivated guinea pig serum was used. To determine 
the immobilization titer, the samples were diluted with a negative human serum, in a twofold 
dilution series. The test was read after 1 h at 37°C. The result was considered positive if the 
motility percentage decreased to half or less compared to the control. 
Specificity tests 
The specificity of the ten chosen monoclonal antibodies was investigated by searching for 
cross-reactivity with seminal plasma, erythrocytes (AB positive, A negative, B negative, 0 
positive with various rhesus factor patterns) and a panel of lymphocytes with various HLA 
specificities (the 18 most widely occurring HLA antigens). 
Cross-reactivity with seminal plasma was tested by absorption of the culture medium with an 
equal volume of seminal plasma from a vasectomized man. The mixture was then tested in the 
TAT as described before. 
Reactivity towards AB positive erythrocytes and lymphocytes was performed by searching 
for agglutination after adding an equal volume of monoclonal culture medium and by 
immunofluorescence (see below). 
Two mAbs were further tested for cross reactivity with various human tissues (brain, kidney, 
lung, liver, tonsil, testis, placenta, ovary) using immunoperoxidase, and buccal cells with 
immunofluorescence. 
SDS-polyacrylamide gel electrophoresis (SOS-PAGE) and electroblotting 
Spermatozoa were first suspended in 10 mM glycine, pH 6.0; 1 % SDS; 1 mM PMSF to a 
concentration of 100 x 106/ml and extracted for one hour at room temperature. Non-solubilized 
material was removed by centrifugation at 15,000 x g for 5 minutes. The resulting supernatant, 
containing approximately 2 mg extracted protein/ml, was adjusted to 2% SDS, 10 mM Tris, pH 
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6.8, 0.0 1  % bromophenolblue (sample buffer) and 2 mM dithioerythritol was used to reduce 
disulphide bonds. Samples were boiled for 5 minutes and stored at -20 °C until use. 
Discontinuous SOS-PAGE on 12.5 % polyacrylamide gels was performed as described before 
(Arts et al., 1994). After electrophoresis gels were either silver stained (Merril et al., 1984) or 
subjected to electroblotting onto nitrocellulose. Protein blots were incubated with PBS + 1 % 
gelatin for one hour at room temperature to block free nitrocellulose groups. 
Detection of antigens with mAb H4 on blots 
Blocked blots were incubated with the monoclonal antibody ( 1 : 100 in PBS + 1 % gelatin) 
overnight at room temperature. After washing three times with PBS + 0.05 % Tween-20 the 
blots were incubated with anti-mouse lgG, conjugated to alkaline phosphatase for 2 hours at 
room temperature. After washing the color was developed with nitro blue tetrazolium (NBT; 
0. 15 mg/ml) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP; 75 µg/ml) in 100 mM Tris, pH 
9.5; 100 mM NaCl; 5 mM magnesiumchloride. 
Detection of biotinylated proteins on blots 
Blocked blots were incubated with avidin-alkaline phosphatase (Boehringer Mannheim, FRG) 
in a final concentration of 1 µg/ml in PBS + 1 % gelatin for one hour. After washing with PBS 
+ 0.05 % Tween-20 the color was developed with NBT/BCIP as described above. 
Immunoprecipitation 
Spermatozoa were surface-labeled with biotin as described above and finally resuspended in 
sperm buffer to a concentration of 8 x lOS/ml. The siispension was supplemented with 1 % (v/v) 
Nonidet P-40 (Sigma) and the protease inhibitors PMSF, benzamidine and EDTA. The 
spermatozoa were extracted for 1 hour at 4 °C, and subsequently the non-solubilized material 
was removed by centrifugation at 13000 x g, 10 min. The supernatant was incubated with 
monoclonal antibody H4 (dilution 1:8) for 1 h at room temperature. The immunecomplexes 
were precipitated by addition of protein A-Sepharose beads. After 1 h the beads were collected 
by precipitation at 1 x g, and washed two times with sperm buffer. The pellets were suspended 
in sample buffer and boiled for 5 min. The samples were either reduced with 2 mM 
dithioerythritol or directly applied to 12.5 % polyacrylamide gels. Discontinuous SOS-PAGE, 
electroblotting and blocking of the blots were carried out as described above. After blocking 
biotinylated proteins were detected by incubation of the blots with avidin-alkaline phosphatase 
(Boehringer Mannheim, FRG) at a final concentration of 1 µg/ml in PBS/ 1 % gelatin for one 
hour. Subsequently, the blots were washed with PBS/0.05 % Tween-20 and colour was 
developed with NBT and BCIP as described above . 
Localization of the antigen 
Binding of the mAb H4 to the spermatozoa! surface was assessed with several methods. 
Binding of avidin-coated latex beads : Percoll-washed spermatozoa (40 x 106 cells) were 
pelleted and incubated with 1 ml undiluted mAb H4 for l h  at 37 °C. After two wash steps with 
EBSS/BSA the antibody-coated sperm pellet was incubated with 25 µl biotinylated anti-mouse 
IgG (DAKO) for 1 h. After a final wash a droplet of the sperm was mixed with a droplet 
containing avidin-coated latex beads (prepared according to Arts et al., 1994) on slides. Motile 
spermatozoa were scored for binding of beads. Controls involved replacement of H4 with a 
negative human serum and culture medium. 
Immunofluorescence : Incubation of spermatozoa with mAb H4 and biotinylated anti-mouse 
IgG was as described above. Subsequently, the biotin residues were detected by incubation with 
0.2 mg/ml (final concentration) avidin-Texas Red for 15 min at room temperature. The 
spermatozoa were scored by fluorescence microscopy. Controls as described above. 
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Transmission electronmicroscopy: Preliminary experiments demonstrated that antigenicity of 
the H4-antigen was completely lost when spermatozoa were fixed for 5 min with respectively, 
2 % glutaraldehyde, 0.1 % glutaraldehyde, 4 % paraformaldehyde and 1 % paraformaldehyde 
containing 0.01 % glutaraldehyde (all fixatives prepared in 0.1 M phosphate, pH 7.38). 
Therefore, unfixed spermatozoa were coated with mAb H4 as described above. After washing 
with EBSS/BSA the spermatozoa were incubated with goat anti-mouse IgG-coated gold particles 
(diameter 10 nm, working dilution 1:20; Janssen Biochimica) for 1 h. After washing with 
EBSS/BSA the cells were fixed with 2% glutaraldehyde in 0.1 M phosphate buffer, pH 7.38). 
The fixed spermatozoa were centrifuged and the pellet was mixed with an equal volume of 2 % 
agarose solution at 45°C, and cooled down to room temperature to solidify. The agarose blocks 
were cut into small pieces of approximately 1 mm3, which were postfixed in 1 % OsO4 + 1.5% 
K.iFe(CN)6 in  0.1 M phosphate buffer, pH 7.4 for 30 min at 4°C. The pieces were dehydrated 
in gradated alcohol series and embedded in Epon. Ultrathin sections were cut and stained with 
uranyl acetate and lead citrate and examined in a Akashi OO2A transmission electron 
microscope. Visualization by transmission electron microscopy. 
Interaction of H4-coated spermatozoa with cervical mucus 
Sperm-cervical mucus contact (SCMC} test. The SCMC test was performed according to 
Jager et al. (1978). Briefly, a droplet of antibody-coated sperm was mixed with a droplet of 
cervical mucus. Motile sperm were scored for progressive motility or local movement (shaking 
phenomenon). 
Sperm penetration meter (SPM) test . The SPM test was performed according to Kremer 
(1965). Briefly, a flat, glass capillary was filled with cervical mucus and placed with one end in 
a reservoir containing antibody-coated sperm. After 3 h the presence of progressively motile 
sperm was checked at several distances of the origin. 
Interaction of H4-coated spermatozoa with zona-free hamster oocytes 
Percoll-washed spermatozoa were resuspended in BWW medium supplemented with 10% 
serum (Arts et al., 1994) at a concentration of 107 motile sperm per ml and capacitated 
overnight at 37°C. The spermatozoa were then either incubated with culture medium (control) 
or coated with antibody as described above. The suspensions were incubated with zona-free 
hamster oocytes as described before (Arts et al., 1994). The oocytes were studied for binding 
and decondensed sperm heads after 3 h. 
Interaction of H4-coated spermatozoa with human zonae pellucidae 
Spermatozoa were capacitated as described above and part of the suspension was coated with 
antibody. The spermatozoa were incubated with human zonae pellucidae for 4 h as described 
before (Arts et al., 1994). After washing three times with BWW containing 1 % serum, 
spermatozoa that were firmly bound were conted using interference-contrast microscopy. 
Preparation of Fab fragments 
Fab fragments were prepared by the method of Porter (1959), which was slightly modified. 
The mAb containing culture medium was dialyzed against PBS, pH 7.0. Papain (Boehringer, 
Mannheim) was added to a papain/protein ratio of 4/100, cystein to a final concentration of 20 
mM and EDTA to a final concentration of 5 mM. The mixture was kept at 37°C for 16 h and 
subsequently dialyzed against PBS, pH 7.4. For removal of Fe fragments and unsplit IgG 
molecules the digested antisera were passed through a Protein A-Sepharose CL-4B (Pharmacia) 
column. The fraction containing Fab fragments was concentrated to its original volume. 
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Results 
Trypsin treatment removes surface peptides 
The effectivity of trypsin treatment in removal of surface peptides was demonstrated with 
biotinylated spermatozoa (Fig. I). Extracts of spermatozoa surface-labeled with biotin showed 
many protein bands (lanes 1 and 3). The biotin-labeled peptides with molecular weights greater 
than 20 kD disappeared when the biotinylated spermatozoa were incubated with trypsin prior to 
extraction (Fig. lb, laned 2 and 4). The presence of 1 % BSA during trypsination was of no 
influence on the effectivity of the treatment (cf. lanes 2 and 4). Note that the proteolytic effect 
could not be observed in the silver stained gel (Fig. la). 
Trypsin treatment does not decrease sperm agglutination and sperm immobilization titers 
No differences in sperm agglutination and immobilization titers in several patient sera were 
detected if tested with trypsinized or untreated spermatozoa. Thus, treatment of spermatozoa 
with trypsin can effectively remove a large amount of surface peptides without digesting all 
antigenic epitopes reactive with antispermatozoal antibodies in sera from men and women. 
Trypsinized spermatozoa could therefore, in principle, be used for the production of mAbs. 












18- 1 8 -
Pig. 1 .  Trypsin treatment of intact spennatozoa effectively removes surface peptides. 
Spermatozoa were biotinylated and incubated with trypsin (l,anes 2 and 4) or left untreated 
(l,anes 1 and 3). Digestion by trypsin was carried out in the absence (l,anes 1 and 2) or presence 
(l,anes 3 and 4) of 1 % BSA. After incubation the spermatozoa were washed once with EBSS 
(l,anes 1 and 2) or EBSS containing 1 % BSA (l,anes 3 and 4; visible around 60 kDa) and 
rirepared for electrophoresis. Proteins were either detected by silver staining (a) or 
electroblotted onto nitrocellulose and stained for biotin residues using avidin-conjugated alkaline 
rihosphatase (b). 
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Specificity of the monoclonal antibodies 
Ten monoclonals were chosen for further study and had sperm agglutination titers of »8000 
and immobilization titers of � 32. Neither the sperm agglutination titers nor the sperm 
immobilization titers decreased upon addition of 50% seminal plasma from a vasectomized man. 
Affinity of the mAbs for several human tissues was tested with the immunoperoxidase test. 
No crossreactivity could be detected with brain, kidney, lung, liver, tonsil, placenta, testis, and 
ovary. However, with buccal cells a speckled immunofluorescence labeling was observed. 
The mAbs did not show any crossreactivity with human erythrocytes, a HLA panel and 
leucocytes. 
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Fig. 2. Characterimtion of H4-binding antigen. 
Spermatozoa were biotiny lated and extracted with Nonidet P-40. The extract was 
immunoprecipitated with H4 mAb (lanes 2 and 4) or hybridoma culture medium (control, lanes 
3 and 5). The immunoprecipitates were prepared for SDS-PAGE in the absence (lanes 2 and 3) 
or presence (lanes 4 and 5) of 2 mM dithioerythritol. In lanes 1 total sperm extract after 
Nonidet P-40 extraction (reduced with dithioerythritol) are seen. For all lanes the equivalent of 
40 x HI spermatozoa were loaded. After SDS-PAGE the gel was partly silver stained (a) or 
subjected to electroblotting (b). The blotted, biotiny lated proteins were visualized using avidin­
conjugated alkaline phosphatase. Dots indicate proteins of Mr 32, 31 and 28 (lane b2) and 16.5 
(lane b4). 
Characterization of the monoclonal antibodies 
All mAbs were shown to belong to immunoglobulin class mouse lgG 1. One of the mAbs, 
H4, was chosen for further study. 
When sperm extracts were first separated by SOS-PAGE and electroblotted onto 
nitrocellulose, no peptides with affinity for H4 could be detected. Therefore, we employed an 
immunoprecipitation method. For this procedure, the spermatozoa were surface-labeled with 
biotin and subsequently extracted with Nonidet P-40. The extract was incubated with mAb H4 
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fig. 3. Surface localization of the H4-antigen. 
a. H4-induced sperm agglutination: spermatozoa were incubated in EBSS + 1 % BSA with mAb 
H4 (100 x diluted). Note that the spermatozoa agglutinate via the posterior part of the head. 
Bar = 10 µm. b. Binding of avidin-coated beads: spermatozoa were incubated with mAb H4, 
followed by biotinylated anti-mouse IgG as described in Materials and Methods. Biotin residues 
on motile spermatozoa bound avidin-coated latex beads at the posterior part of the head or neck 
region. c. Immunojluorescence: spermatozoa were incubated with mAb H4 and biotinylated anti­
mouse IgG as described. Biotin residues were detected with avidin-Texas Red. Fluorescence is 
seen as a band encircling a narrow region at the posterior part of the head. 
d. phase contrast of c. 
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and immune complexes were precipitated with Protein A-Sepharose beads. The precipitates 
were separated by SOS-PAGE and electroblotted to nitrocellulose. When disulfide bonds were 
left unreduced, three biotin-labeled protein bands were repeatedly (in sperm from different 
donors) detected (Fig. 2): a doublet with estimated molecular weights of 32 and 31 kDa and a 
protein band of 28 kDa. After reduction of the precipitated proteins with dithioerythritol prior to 
SOS-PAGE only one peptide band of about 16,5 kDa remained (Fig. 2, lane 4). In the 
corresponding silverstained gels only immunoglobulin bands were detected. As noted before 
(Arts et al. ,  1994), detection of biotin-labeled proteins by avidin-alkaline phosphatase is 
approximately 5 times more sensitive than silver staining. 
Localization of the H4 antigen 
Since the monoclonal antibodies were initially screened for their capacity to agglutinate only 
spermatozoa, the H4 antibody is directed against a surface-located antigen. In the TAT we 
estimated the agglutination titer to be greater than 16000. The agglutination patterns were 
categorized as head-head and head-tail agglutination. Higher magnification showed that the most 
pronounced agglutination type was head to head, in which especially the posterior part of the 
heads was involved (Fig. 3a). 
This localization was confirmed, when spermatozoa were first incubated with the H4 
antibody, followed by biotinylated anti-mouse IgGs, and finally with avidin-coated latex beads. 
More than 90% of the sperm collected beads at the posterior part of the head (Fig. 3b). 
Incubation of the spermatozoa with respectively H4 antibody, biotinylated anti-mouse IgG 
and avidin-Texas Red revealed that the antigen was located in a narrow band, encircling the 
postacrosomal plasma membrane near the annulus posterior (Fig. 3c). The same localization 
was observed when Fab fragments were used, but the fluorescence appeared in a more punctate 
fashion, probably due to the lower affinity of the anti-mouse IgG for the Fab fragment (not 
shown). 
The restricted ring-like localization near the annulus posterior was also observed by 
immunogold electronmicroscopy (Fig. 4). For this purpose the spermatozoa were first incubated 
with H4 antibody and, subsequently, with anti-mouse IgG coated gold particles prior to fixation 
with 2 % glutaraldehyde. Although the osmotic conditions were strictly kept at physiological 
levels (290 mOsm), the midpiece displayed a swollen appearance at the posterior basis of the 
head, as well as wrinkling of the acrosome-overlying plasma membrane (these phenomena are 
often observed for fixed spermatozoa, see e. g. Mack et al. ,  1986; Villaroya & Scholler, 1987). 
The H4 antigen was located exactly at the point of contact between the postacrosomal plasma 
membrane and the midpiece overlying plasma membrane (Fig. 4a and 4b). Control experiments 
using hybridoma culture medium showed that this location indeed was H4-specific (not shown). 
In some spermatozoa, in which also most of the postacrosomal plasma membrane had retracted 
from the cytoskeleton, the only part retaining contact with the cytoskeleton appeared to be the 
H4-binding ring (Fig. 4c). 
Fig. 4. Localizali,on of the H4 antigen in the annulus posterior. 
Spermatozoa were incubated with mAb H4, followed by goat-anti-mouse IgG coupled to JO nm 
gold panic/es, prior to fixation with glutaraldehyde and post.fixation for transmission electron 
microscopy. 
a. Spermatozoon with some gold panic/es bound to the annulus posterior (AP, arrows). Also 
indicated is the basal plate (BP, arrowhead), which forms the border between nucleus and tail. 
Note that the acrosome-overlying and neck plasma membrane domains are swollen. Bar = 0. 75 
µm. 
b. 2 x magnification of a. Gold panic/es (arrowheads) are located in the annulus posterior. 
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Occasionally, a particle may be observed on the postacrosomal membrane. 
c. Spermatozoon with both swollen postacrosomal (arrowheads) and neck plasma membrane. 
Gold particles are present in the annulus posterior (AP, arrow), which is the only part of the 
plasma membrane contacting the nuclear envelope. Basal plate (BP) is indicated for orientation. 
Bar = 0.2 µm. 
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Effect of monoclonal antibody H4 on sperm functions 
The effect of sperm-associated mAb H4 on the interaction with cervical mucus was evaluated 
with both the SCMC test and the SPM test. In the SCMC test the H4 antibody induced the 
shaking phenomenon in approximately 65 % (range 40-90%)  of the sperm cells (local motility 
with vigorously beating tails), compared to control (culture medium) levels of 20%. However, 
hardly any effect of the H4 antibody was seen on the penetration of the mucus in the SPM. 
Usually a slight reduction in the concentration of motile sperm near the origin of the penetration 
meter was seen for the H4-coated sample, but at greater distance of the origin no differences in 
sperm concentration were observed for control and H4-coated spermatozoa. 
For studying the effect of antibody coating on the interaction of spermatozoa with human 
zonae pellucidae and zona-free hamster oocytes, we used Fab fragments of the mAb to coat the 
spermatozoa to overcome a possible sperm concentration effect caused by H4-induced 
agglutination. The Fab-parts of the H4 IgG molecules were used at the same effective 
concentration as H4-IgG and 80-90% of the sperm had bound H4-Fab fragments as determined 
with immunofluorescence, which is comparable to the results with intact H4-IgG (see above). 
No effect of H4-Fab fragment-coating on the binding to zonae pellucidae or on the results of the 
zona-free hamster oocyte test could be detected (results not shown). 
Discussion 
Trypsination is an effective procedure to remove surface peptides of human spermatozoa as 
we could demonstrate with biotin-labeled spermatozoa. The nature of the components removed 
by the trypsin treatment is not known. As shown in Fig. 1, virtually all biotin moieties were 
effectively deleted, but this was not reflected in a visible decrease or digestion of total sperm 
proteins. Either only very small peptides are removed or the surface proteins are present in very 
low amounts (see also Fig. 2). The removed biotinylated peptides may be (a part of) coating 
antigens adsorbed to the spermatozoa from the seminal plasma or epididymal fluid, but may 
also be integral parts of intrinsic plasma membrane proteins. Whatever their identity, they do 
not seem to play a role in most sperm functions since the treatment with trypsin does neither 
affect the motility, vitality or membrane integrity nor inhibits the fertilizing capacity as 
determined in the hamster ovum test (Cohen & Aafjes, 1982; Pattinson et al., 1990a,b). 
However, protease treatment completely eliminates interaction with the zona pellucida (Arts & 
Kuiken, unpublished observations). 
Our results confirm that the trypsin treatment does not remove, at least not all, epitopes 
reactive with sperm agglutinating and sperm immobilizing antibodies. This can explain the 
limited disagglutinating effect of trypsin observed by Rilmke (1964) and Pattinson et al.(1990a). 
These authors found some disagglutination but that was not associated with a decrease in 
immunoglobulin binding. Furthermore, the shaking phenomenon in the SCMC test was not 
decreased. 
In a recent WHO-sponsored workshop (Anderson et al., 1987) 68 monoclonal antibodies 
were compared, only 15 had sperm agglutinating activity of which seven also exhibited sperm 
immobilizing activity. Eleven of the 15 sperm agglutinating monoclonals cross-reacted with 
somatic cells or tissues. The four antibodies that showed no cross-reactivity were all negative in 
the sperm immobilization test which could mean that they were not reactive with intrinsic 
membrane antigens. The conclusion was reached that the mouse monoclonal antibody approach 
is not efficient for the identification of human reproductive tissue-specific antigens. 
In the present work, however, we demonstrate that production of sperm agglutinating 
monoclonal antibodies can be effective if spermatozoa are trypsined before immunization. All 
four mice immunized developed a high sperm agglutinating titer. By screening the clones 
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derived from one of the mice we found ten clones producing antibodies with a very high sperm 
agglutinating titer (more than 8000) and with a strong complement dependent sperm 
immobilizing activity. A limited investigation for the specificity showed no reactivity with 
erythrocytes , with lymphocytes and seminal plasm. Most human tissues tested were shown to be 
devoid of cross reactivity with the monoclonal antibodies , except buccal cells that displayed a 
random distributed speckled labeling pattern after the immuneperoxidase assay. This pattern 
suggests cross reactivity with microorganisms. 
The monoclonal antibody thus recognizes an intrinsic plasma membrane antigen and not a 
sperm coating antigen. Trypsin treatment therefore is able to remove adsorbed coating 
substances , leaving some sperm-specific epitopes behind. This is true at least for one antigen , 
since preliminary experiments indicated that the ten clones we obtained all produced antibodies 
reactive with the same antigen. Possibly , either all other immunogens were effectively removed 
from the sperm surface by the pretreatment with trypsin or this particular antigen is extremely 
immunogenic. One of the monoclonal antibodies , termed H4, was chosen for a more detailed 
analysis. The H4 mAb reacted with at least one biotin-labeled polypeptide of M r 16.5 kDa, 
detected after reduction of disulfide bonds prior to SOS-PAGE. Under non-reducing conditions , 
however , three protein bands of Mr 32 , 3 1 ,  and 28 kDa were observed , whereas the 16.5 kDa 
band was absent. This may be explained by assuming that the 16.5 kDa biotinylated polypeptide 
is complexed to other (non-biotinylated) factors, which might be membrane-embedded. 
However , silver staining was too insensitive to detect such coprecipitating polypeptides , as well 
as the antigen itself (Fig. 2). 
Given the estimated molecular weights and the surface localization , the mAb H4 differs from 
other sperm agglutinating monoclonal antibodies that have been analyzed previously by SDS­
PAGE. These include the YWK-1 (Yan et al. , 1983) which reacts with a 84 kD protein , the 
YWK-II (Yan et al. , 1987) which interacts with protein bands of Mr 60 and 72 , and two 
monoclonal antibodies , MA- 1 and MA-3 which recognize 84 and 240 kD bands , respectively , 
as reported by Isahakia & Alexander ( 1984). The H4 antigen also differs from the FA- 1 Naz et 
al. , 1984) and FA-2 (Naz et al. , 1993) human sperm membrane antigens. 
Detection of the H4 antigen after SOS-PAGE showed that the mAb was directed against a 
protein , and not against a sperm-specific glycolipid (see e.g.lsojima , 1989). It should be noted 
that with immunoblotting (which includes denaturation of sperm antigens with SDS before 
detection with H4) no proteins were detected by the H4 mAb (either in reduced or non-reduced 
conditions). Instead , we obtained positive results with an immunoprecipitation procedure 
(denaturation after detection with H4) , indicating that the epitope most probably depends on 
native protein conformation and , therefore, not located on a glycosyl moiety. However , 
deglycosylation of the H4 antigen could provide more conclusive evidence. 
The monoclonals were selected for agglutination activity , thus indicating that the antigen was 
surface located. This was confirmed by all other localization tests performed (indirect MAR 
with avidin-coated beads , immunofluorescence , electron microscopy). The H4 antigen was 
shown to be located in a restricted , narrow area at the posterior part of the postacrosomal 
membrane. Electronmicroscopy provided evidence that the antigen is an integral part of the 
annulus posterior, the ring-like structure which marks the border between the plasma 
membranes of the head and midpiece. It is proposed that this ring also provides the strict 
separation of the head and tail cytoplasmic compartments (Koehler , 1980). In some 
spermatozoa , swollen after fixation for EM, the H4-binding ring was the only site of contact 
with the cytoskeleton,  which may indicate that the H4 antigen is part of a system involved in 
the maintenance of the sperm domain structure. 
The surface localization of the antigen may also allow an H4-mediated interaction with 
cervical mucus , leading to inhibition of transcervical sperm transport. Although the shaking 
phenomenon in the SCMC test could be induced , part of the spermatozoa escaped sticking to 
53 
the mucus network. This might partly be explained by the limited area in which the mAb H4 is 
associated to the sperm head , resulting in low coating density. Antibody coating also did not 
completely prevent penetration of spermatozoa into cervical mucus in the SPM. Although 
usually more than 90 % of the sperm bound the antibody (including the sperm that are not 
caught in agglutinates) ,  this coating is not totally effective in the prevention of mucus 
penetration , which offers a meagre perspective for the use of the antibody/antigen in a 
vaccination program. 
The problem of "escaping" spermatozoa could be overcome ,  if the antibody used would 
block the interaction with zona pellucida or oocytal membrane , provided that all sperm would 
be coated. We found no evidence that the H4 monoclonal affected either of these functions. At 
present we have not yet determined whether the antibody can block the induction of AR by the 
human zona pellucida. 
In conclusion , we effectively produced a sperm agglutinating , complement dependent sperm 
immobilizing antibody reacting with an intrinsic sperm plasma membrane antigen . At reducing 
conditions this antigen has an apparent molecular weight of 16.5 kDa as determined by SOS­
PAGE after immunoprecipitation of surface labeled proteins , and it may be crosslinked by 
disulfide bonds to other proteins or subunits . As yet the antigen does not seem to be directly 
involved in sperm-oocyte interaction , but its location in the annulus posterior suggests a role in 
the maintenance of the sperm domain structure. 
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Objective: To develop a method to detect acrosome-reacted spermatozoa on human zonae 
pellucidae using only commercially available reagents, and without need for sperm fixation. 
Design: Sperm head labeling with biotinylated soy bean trypsin inhibitor (SBTI-biotin), was 
compared to results of a known method using fluorescein-conjugated Pisum sativum agglutinin 
(PSA-FITC). The SBTI-biotin method was applied to sperm bound to human zonae pellucidae. 
Setting and Subjects: Healthy sperm donors with normal semen characteristics were recruited 
by the Laboratory for Reproductive Medicine in a university medical center. 
Main Outcome Measures: SBTl-biotin binding patterns on non-fixed spermatozoa were 
visualized with avidin-Texas Red. The development in time of various patterns upon induction 
of acrosome reaction (AR) in suspension with Ca2+ -ionophore A23 187 was noted and compared 
with PSA-FITC labeling patterns. SBTI-biotin labeling patterns of spermatozoa bound to human 
zonae pellucidae were determined. 
Results: SBTI-biotin bound specifically, via the SBTI-moiety, to an acrosomal factor as soon 
as AR started. Sperm head labeling patterns could be assigned to defined stages of the AR 
process. The results were highly correlated to those obtained with PSA-FITC. The endpoint of 
the AR in suspension and on zonae pellucidae was SBTI-biotin binding confined to the 
equatorial segment. 
Conclusion: The SBTI-biotin method can be used to detect non-fixed acrosome-reacted 
spermatozoa both in suspension and on zonae pellucidae. 
Introduction 
The acrosome reaction (AR) in mammalian spermatozoa is characterized by a fusion of the 
outer membrane of the acrosome and the overlying head plasma membrane. As a result of this 
exocytotic process the acrosomal contents are released and exposed to the environment. A major 
component of the acrosomal contents is acrosin, a trypsin-like serine protease, which is most 
probably involved in the penetration of the zona pellucida (1). After completion of the AR the 
spermatozoa retain some of the acrosin, which is located mainly in the equatorial segment (ES) 
(2-4). The ES, formed by remnants of the inner and outer acrosomal membranes and the plasma 
membrane, encircles the equator of the human sperm head. In vivo the AR in human sperm is 
probably induced by components of the zona pellucida after binding to its surface (5). In vitro, 
AR may also be induced by agents such as calcium ionophores and lysophosphatidylcholine (6). 
In studying fertilizing capacity of spermatozoa, detection of the AR is necessary, especially 
when induced by zonae pellucidae. Since human spermatozoa have acrosomes that are too thin 
to be studied with light microscopy, several indirect methods have been developed to determine 
the acrosomal state. Widely applied is the use of conjugated lectins which recognize 
glycosylated, acrosomal proteins (6,7). However, since zona proteins are also glycosylated these 
methods cannot be applied for AR detection on the zona pellucida surface. The triple stain, a 
histochemical staining technique (8), is unsuitable, since zona manipulation is very elaborate in 
the staining solutions. The acrosomal state on the zona pellucida surface may also be studied 
using antibodies against spermatozoa (6, 7), but limited availability of these antibodies is a 
problem. An alternative would be the use of chloratetracycline (9), which also provides 
information about the capacitation process. However, the chemical basis of this assay is not 
understood. 
Given the presence of trypsin-like activities in the acrosome, we used conjugates of 
commercially available soy bean trypsin inhibitor (SBTI) to evaluate the AR after induction in 
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solution as well as on human zonae pellucidae. Furthermore, using the specific binding of SBTI 
to acrosomal factors , additional information about the early stages of AR may also be obtained . 
Materials and methods 
Preparation of spermatozoa 
Semen samples were obtained from men who were normospermic according to WHO criteria 
( 10). Spermatozoa were harvested by using a 70 % Percoll cushion as described before ( 1 1) .  
The cells were washed , centrifuged for 3 min at 600xg and finally resuspended in  the desired 
buffer. Unless otherwise stated we used a buffer , hereafter referred to as sperm buffer , 
consisting of 2. 7 mM KCl, 0.5 mM MgC12, 2.0 mM CaC12, 0. 7 mM NaH2PO4, 10 mM Hepes, 
10 mM NaHCO3 , 5 mM CaC12, 1 10 mM NaCl, and 0. 1 % glucose ; the pH was adjusted to 7.4 
and osmolarity to 285 mOsm. Sperm buffer could be supplemented with 1 % bovine serum 
albumin (BSA). 
Induction of AR in suspension 
A23 187 without BSA. For experiments in which the interaction of SBTI with sperm was 
tested , and which required high levels of acrosome-reacted cells the spermatozoa were 
suspended to 108/ml in sperm buffer without BSA. The AR was initiated by addition of 10 µM 
calcium ionophore A23 187 (Sigma , St. Louis , MO) from a stock solution in dimethylsulfoxide 
(DMSO) ,  final concentration DMSO 0.5 % (v/v). The AR was allowed to proceed for 60 min at 
37 °C, unless otherwise indicated. The reaction wak terminated by centrifugation (3 min 600xg) , 
followed by one wash with sperm buffer. Preliminary experiments had shown that , under the 
given conditions , for most sperm preparations a 60 min induction time yielded optimal AR 
results , i. e. the highest level of acrosome-reacted cells containing apparently intact equatorial 
segments. 
Hwoosmotic conditions. In order to induce AR under conditions reported to yield vital and 
motile spermatozoa , the cells were treated according to De Jonge et al. (12). Briefly , sperm 
were resuspended in Biggers , Whitten & Whittingham medium (BWW) (13) containing 3 %  
BSA in which the NaCl concentration was modified so as to obtain 240 mOsm. Spermatozoa 
were preincubated for 3 hours at 37 °C after which 10 µM A23 187 was added. Samples were 
taken 0, 15 and 60 min after initiation of the AR. The reaction was terminated by 
centrifugation , followed by washing with BWW containing 3 % BSA of an osmolarity of 285 
mOsm. Motility was estimated after every incubation step. 
Determination of AR using Pisum sativum agglutinin coupled to fluorescein isothiocyanate 
(PSA-FITC) 
Acrosome-reacted bovine and human spermatozoa in suspension were detected using the 
method of Cross et al. (14) , which was slightly modified. Fifty µl of a spermatozoa preparation 
were fixed and permeabilized by submerging the sample in 1.0 ml methanol at room 
temperature for 30 minutes. Five µl of the suspension were air-dried on slides. The slides were 
covered with a droplet of PSA-FITC (Sigma) at a concentration of 50 µg/ml in phosphate 
buffered saline (PBS) , and incubated in a moist Petri dish in the dark for 15 minutes. After 
rinsing the slides with tap water, at least 100 spermatozoa were scored for FITC-fluorescence. 
The labeling patterns were classified according to Cross et al. ( 14) and are depicted in Fig. 1: 
PSA-A 1 : fluorescence located in the acrosomal region. 
PSA-A 2 : fluorescence located in a clearly damaged acrosome. 
PSA-ES: fluorescence confined to ES. 
PSA-0: absence of detectable fluorescence. 
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Fig. 1. Schematic representation of patterns observed with PSA-FITC. 
The drawings represent the patterns observed after incubation of alcohol-permeabilized cells 
with PSA-FITC according to Cross et al. (14). a. Pattern PSA-A1 •  Fluorescence located in the 
acrosomal region, indicative for intact acrosomes. b. Pattern PSA-A2• Fluorescence located in a 
clearly damaged acrosome. c. Pattern PSA-ES. Fluorescence present in the equatorial segment. 
d. Pattern PSA-0. No fluorescence detectable in the head. Patterns PSA-ES and PSA-0 are 
thought to represent acrosome-reacted spermatozoa. 
Since PSA-FITC binds to acrosomal contents , type PSA-A1 is indicative of sperm with intact 
acrosomes , whereas types PSA-ES and PSA-0 are thought to represent acrosome-reacted 
spermatozoa ( 14). 
Preparation of conjugates of SBTI and other proteins 
Either research grade soy bean trypsin inhibitor (Serva, Heidelberg , FRG, cat. no. 37328) or 
a crude , soluble soy bean fraction (Sigma, cat. no. T 9128) were used . 
Fluorescein coupling. Fluorescein isothiocyanate {FITC, Sigma) was dissolved in 0 . 1 M 
NaOH at a final concentration of 10 mg/ml . Immediately , 50 µ1 of this solution were mixed 
with 25 mg SBTI ,  dissolved in 2 ml sperm buffer without BSA. The coupling reaction was 
allowed to proceed for 1 hour at room temperature and was stopped by addition of 2 mg 
glycine. The preparation was dialyzed three times against 100 ml sperm buffer without BSA at 
4 °C for 16 hours. The protein concentration was determined using BCA reagent (Pierce, 
Rockford, II.) and adjusted to 2 mg/ml . Finally , the sample was supplemented with BSA to a 
final concentration of 1 % (w/v) . 
Biotinylation .  Six mg N-hydroxysuccinimide-LC-biotin (NHS-LC-biotin , Pierce) were 
dissolved in 100 µ1 DMSO and added to 25 mg SBTI, dissolved in 2 .5 ml sperm buffer without 
BSA. After two hours at room temperature the reaction was stopped by the addition of 2 mg 
glycine . Further treatment was as described for the fluorescein coupling procedure , except that 
occasionally the concentration of the biotinylated SBTI (SBTI-biot) was adjusted to 10 mg/ml . 
To determine the specificity of the sperm labeling with SBTI-biot, we also biotinylated 
ribonuclease A,  chymotrypsinogen A, ovalbumin , and BSA (Pharmacia , Uppsala , Sweden). For 
each of the proteins a 100 µM solution was made in sperm buffer without BSA (equimolar to 2 
mg/ml SBTI). To 1 ml was added 20 µl DMSO containing 0 .5 mg NHS-LC-biotin . Further 
treatment as described above. 
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Incubation of spermatozoa with SBTI conjugates 
SBTI-FITC. Washed spermatozoa were incubated with 2 mg/ml SBTI-FITC for 30 min at 
room temperature in sperm buffer. After washing once the suspension was examined by 
fluorescence microscopy. 
SBTI-biot. Spermatozoa were incubated with 2 mg/ml SBTI-biot for 30 min at room 
temperature in sperm buffer. After washing once the sperm were incubated 15 min with 0.25 
mg avidin-Texas Red (Pierce) in sperm buffer. The suspension was washed once and examined 
by fluorescence microscopy. 
To monitor vitality, 5 µg/ml ethidium bromide was added after the incubation with avidin­
Texas Red and the cells were immediately centrifuged for 3 min at 600xg. Spermatozoa that 
had taken up the nuclear stain were considered to be non-vital. Both Texas Red and ethidium 
bromide fluorescence could be observed with the same filter set. 
Human zonae pellucidae 
Zonae pellucidae from fertilized and cleaved human oocytes that were not transferred were 
obtained from our in vitro fertilization program. The embryos were washed through several 
drops of PBS and frozen at -60°C without any cryoprotectant. After thawing the embryos had 
completely collapsed, whereas the zonae remained virtually intact. The oocytal remnants were 
removed by tearing up the zonae with injection needles and washing thrice by pipetting in 
BWW supplemented with 10% pooled serum from pregnant women (BWW/serum). 
Determination of supravitality of zona pellucida-bound sperm 
After freezing and thawing still some spermatozda remained bound to the zonae pellucidae 
(10.2 + 5.4). To distinguish prebound sperm from freshly bound sperm, we first tried to label 
the fresh sperm with FITC according to Liu et al. (15). However, especially sperm preparations 
from patients under test, which were often of suboptimal quality, were sensitive to the labeling 
and/or centrifugation steps. Therefore we chose to stain the dead sperm with ethidium bromide 
as described above. Preloading the zona-bound, dead sperm before adding fresh sperm was 
unsuccessful, since the ethidium bromide diffused from the nucleus during the subsequent 
coincubation of zonae and fresh sperm. Therefore, ethidium bromide was added in the final 
pipetting step. With this option however, also sperm may have become labeled that had 
undergone AR very early in the coincubation, and which had died afterwards. Sperm loaded 
with ethidium bromide were readily distinguished from sperm totally labeled with SBTI­
biot/avidin-Texas Red, due to the more orange colored and oval shaped fluorescence pattern. 
Induction of AR on human zonae pellucidae and incubation with SBTI-biot 
Spermatozoa were centrifuged over 70% Percoll, washed twice with BWW/serum and 
brought to a concentration of 5-10 x 106 motile sperm per ml in the same buffer. All subsequent 
incubations were carried out at 37°C. To induce capacitation, the suspensions were kept for 18 
hours in test tubes. Subsequently, 50 µ1 of the capacitated spermatozoa were coincubated with 
10-15 zonae in BWW/serum in a plastic dish under mineral oil. After 6 hours the zonae were 
washed by pipetting in sperm buffer + 1 % BSA to remove serum and non-bound spermatozoa. 
The zonae were resuspended in 50 µ1 sperm buffer + 1 % BSA. SBTI-biot was added to a final 
concentration of 2 mg/ml and the zonae were incubated for another 30 min. After washing 3 
times by pipetting with sperm buffer + 1 % BSA, the zonae were resuspended in sperm buffer 
containing 0.25 mg/ml avidin-Texas Red. After 15 min the zonae were pipetted in sperm buffer 
containing 5 µg/ml ethidium bromide, immediately washed twice with sperm buffer, and 
mounted on slides. 
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Results 
Labeling patterns observed after incubation of spermatozoa with SBTI conjugates 
After incubation of spermatozoa with SBTI-FITC commonly only very faint fluorescence was 
seen, distributed over the entire head and tail in spermatozoa irrespective of AR induction. 
Domain-specific labeling patterns were never observed. Therefore, all further experiments were 
carried out with the sandwich-method, using SBTI-biot and avidin-Texas Red. 
With the SBTl-biot method labeling of the midpiece of the tail was observed of spermatozoa 
independent of AR induction (not shown, cf Fig. 2d). Apparently, this labeling pattern was due 
to aspecific association of avidin-Texas Red, since it was also observed when the cells had not 
been incubated with SBTI-biot. When AR was induced with calcium ionophore A23187, in the 
absence of BSA, fluorescence was also localized on the sperm head. The labeling patterns of the 
head were classified as follows (Fig. 2a-d): 
SBTI-H: fluorescence distributed throughout all head domains, i. e . .  the acrosomal, equatorial 
segment, and postacrosomal regions. 
SBTI-A: labeling confined to the acrosomal region. 
SBTI-ES: fluorescence confined to the equatorial segment. 
SBTI-0: no fluorescence detected on the head. 
In the experiments described below we always counted 100 spermatozoa for the presence of 
these labeling patterns. Fluorescence of the midpiece of the tail was always seen. Occasionally, 
some sperm contained faint labeling of all head regions; when this fluorescence was clearly less 
intense than the fluorescence of the midpiece, it was considered to be background labeling and 
scored as pattern SBTI-0. 
Specificity of SBTI binding to acrosome-reacted spermatozoa 
To investigate whether binding of the SBTI-biot occurred via the SBTI moiety or via the 
biotin residue, acrosome-reacted spermatozoa were incubated with non-labeled SBTI prior to 
addition of SBTI-biot. This pretreatment inhibited binding of SBTI-biot to the sperm since no 
head labeling patterns (i. e. pattern SBTI-0) could be observed (table 1). In addition, high 
concentrations of free biotin in the incubation mixture had no effect on SBTI-biot binding. 
Other biotinylated proteins were clearly less efficient in detecting acrosomal contents than SBTI­
biot (table 1). Only pattern SBTI-H was found with biotinylated RNase and chymotrypsinogen 
(proportion 50% greater than obtained with SBTI-biot) and biotinylated BSA (proportion 50% 
smaller than obtained with SBTI-biot). For these proteins less than 1 % patterns SBTI-A and 
SBTI-ES were observed. Only biotinylated ovalbumin could detect patterns SBTI-A and SBTI­
ES, but the proportions were respectively 50% and 30% smaller than found with SBTI-biot. 
No differences in labeling patterns could be found when either pure SBTI or a crude soy bean 
fraction was used for preparation of the SBTI-biot (not shown). In the experiments below, we 
therefore used the crude fraction. 
Time course of exposure of SBTI-binding factor during AR 
Binding of SBTI-biot to the head occurred only upon AR induction. To establish whether 
different SBTI-labeling patterns represented a certain stage in the AR process we determined the 
proportions of the various labeling patterns at different times after addition of A23187 (Fig. 3). 
In order to achieve a high level of AR we omitted BSA. Within 5 min after addition of A23187 
usually a high level (60-70%)  of pattern SBTI-A was seen, which reached its maximum after 20 
min. Following A23187-addition, pattern SBTI-ES increased continuously, and after 20 min the 
rate of fractional increase in SBTI-ES parallelled the decrease in the fraction of pattern SBTI-A. 
Pattern SBTI-H reached a plateau of approximately 10%, which was already attained after 5 
min. 
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Fig. 2. Labeling patterns observed with SBTI-biot. 
Sperm preparations were incubated with 2 mg/ml SBTl-biot for 30 min at room temperature. 
After washing the spermatozoa were resuspended in 0.25 mg/ml avidin-Texas Red for 15 min. 
The spermatozoa were washed once, mounted on slides and scored for head labeling patterns. 
a. Pattern SBTI-H. Fluorescence is present throughout the head. b. Pattern SBTI-A. 
Fluorescence is mainly located in the acrosomal region (arrowhead). c. Pattern SBTI-ES. 
Fluorescence is restricted to a equatorial band. d. Pattern SBTI-0. Fluorescence is only seen in 
the midpiece of the tail. Bar = 5 µm. 
It should be noted that the inverse relationship between patterns SBTI-A and SBTI-ES was 
even more apparent in preparations of some individuals that showed a decline of pattern SBTI-A 
to not more than 20% after 60 min (not shown). 
Comparison of the SBTI-biot and PSA-FITC methods to determine the acrosomal state 
Since SBTI-biot specifically bound to spermatozoa only after onset of AR, we examined 
whether the method could be used for AR detection by comparing the results to those obtained 
with the PSA-FITC method. 
According to Cross et al. (14) patterns PSA-ES and PSA-0 (Fig. 1) represent acrosome­
reacted spermatozoa. These patterns were counted at various times to follow the kinetics of AR 
after induction by A23187 in the absence of BSA (Fig. 4). Only after 60 min the results agreed 
with SBTI-biot labeling, when the sum of patterns SBTI-A and SBTI-ES was taken as a 
reflection of acrosome-reacted spermatozoa (Fig. 4a). This suggested that the percentage of 
spermatozoa with patterns SBTI-A + SBTI-ES after 60 min might be used for determination of 
completed AR. A more detailed analysis of the data obtained after 60 min incubation revealed a 
correlation between these patterns SBTI-A + ES and patterns PSA-ES + 0 with r = 0.922 and 
slope 0.896, P < 0.001 (Fig. 4b). 
A good agreement after 60 min was also found when the proportions of patterns SBTI-0 (no 
SBTI-biot binding) and PSA-A1 (intact acrosomes) were compared (Figs. 4c,d; r =0.972, slope 
0.959, P < 0.001). 
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Table 1. Specificity of SBTI-biot binding to acrosome-reacted human spennatozoa*. 
% ± SD with fluorescence patterns 
SBTI-H SBTI-A SBTI-ES SBTI-0 
Experiment 1 .  Preincubation with unconj ugated SBTit 
Control 12 . 0  ± 0 1 . 7  ± 1 . 5  52 . 3  ± 18 . 5  3 4 . 0  ± 17 . 3  
+ SBTI 3 . 3  ± 3 . 1  0 0 9 6 . 7  ± 3 . 1  
Experiment 2 .  Preincubation with free biotin t 
Control 2 9 . 5  ± 7 . 8  6 . 5  ± 6 . 4  3 7 . 5  ± 2 . 1  2 6 . 5  ± 12 . 0  
+ biotin 3 2 . 5  ± 10 . 6  6 . 5  ± 2 . 1  3 5 . 5  ± 6 . 4  2 5 . 5  ± 6 . 4  
Experiment 3 .  Incubation with various biotinylated compounds§ 
SBTI-biot 1 1 . 3  ± 1 . 2  4 . 3  ± 1 . 5  52 . 7  ± 8 . 1  3 1 . 7  ± 8 . 4  
RNAse-biot 17 . 7  ± 9 . 3  0 0 82 . 3  ± 9 . 3  
Ovalbumin-biot 15 . 7  ± 2 . 3  2 . 3  ± 1 . 5  17 . 0  ± 2 . 7  65 . 0  ± 6 . 1 
BSA-biot 5 . 0  ± 3 . 0  0 0 95 . 0  ± 3 . 0  
Chymotrypsinogen-biot 17 . 0  ± 6 . 2  0 1 . 0  ± 1 . 0  8 2 . 0  ± 7 . 2  
* AR was induced in spenn buffer without BSA with JO µM ionophore A23187. 
t Spennatozoa (Jd!ml) were incubated with JO mg/ml unlabeled SBTI ("+ SBTI") or spenn buffer ("control"). After 
30 min 2 mg/ml SBTI-biot was added and the incubation was continued for another 30 min. After washing, labeling 
patterns were detected withjluorescence microscopy using avidin-Texas Red as described in Fig. 2. Results are means 
of 3 independent experiments. 
* Spennatozoa were incubated with 1 mM D-biotin (from JO mM stock solution in JO% DMSO in spenn buffer, "+ 
biotin") or 1 % DMSO ( "control ") for 30 min. Subsequent incubations with SBTI-biot and avidin-Texas Red as 
described above. Results are means of 4 independent experiments. 
§ Spennatozoa were incubated with 2 mg/ml SBTI-biot ( + 0.1 mM) or equimolar amounts of the other biotinylated 
proteins and incubated for 30 min. After washing labeling patterns were visualized with avidin-Texas Red as 
described above. Results are means of 3 independent experiments. 
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Fig. 3. Proportions of SBTI patterns at various AR induction times. 
Spermatozoa were resuspended in sperm buffer without BSA to 1 (1 /ml and preincubated 10 min 
at 37°C. Calcium ionophore A23187 was added to JO µM and JOO µI-samples were taken at the 
indicated times. The samples were immediately centrifuged/or 3 min at 600.xg, and washed once 
with sperm buffer. Incubation with SBTI-biot and avidin-Texas Red and 100 spermatozoa were 
scored for SBTI labeling patterns as described in Fig.2. Pattern SBTI-H (o), SBTI-A (•), SBTI­
ES ( lt.}. Data are means and standard deviations 5 experiments. It should be noted that the 
fraction displaying pattern SBTI-0 (absence of fluorescence) is not shown; the proportions may 
be derivedfrom the graph as the residual of 100%. 
Presence and maintenance of SBTI-binding factor in the ES after mild AR induction in 
suspension 
Since AR induction with ionophore in the absence of BSA gave a high proportion of non-vital 
sperm, we tried to test the validity of the SBTI-biot method on spermatozoa treated by other 
procedures that have been reported to yield vital and/or motile acrosome-reacted spermatozoa in 
suspension . 
In our hands, addition of human follicular fluid and progesterone to capacitated spermatozoa 
resulted in less than 2 % acrosome-reacted cells . The only method providing sufficiently large 
proportions acrosome-reacted spermatozoa was ionophore treatment under hypoosmotic 
conditions . Since an induction time of 15 min induced AR in some 15% of the sperm, we 
extended the incubation time to 60 min . However, in contrast to the report by de Jonge et al. 
(12) all sperm showing AR patterns (as determined with SBTI-biot or PSA-FITC) were non­
vital. Nevertheless, after 60 min we observed mainly patterns SBTI-ES and PSA-ES (Fig . 5), 
which agreed very good (r =0.947, slope =0.985, P < 0 .001). Other patterns (besides those 
reflecting intact sperm, i. e. PSA-A 1 and SBTI-0) were only present in very low proportions 
( < 5 %) .  This confirms the finding that pattern SBTl-0 represents spermatozoa with intact 
acrosomes, as also observed for AR induction in the absence of BSA. Indeed, least squares 
analysis revealed that patterns SBTI-0 and PSA-A 1 under hypoosmotic conditions are correlated 
with r =0 .920 and slope =0 .9 19 (P < 0 .001).  
The results above were all obtained by adding SBTI-biot to the spermatozoa immediately after 
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Fi.g. 4. Kinencs of AR: comparison of methods using SBTI-biot and PSA-FITC. 
Initiation of AR with calcium ionophore A23187 was as described in Fig. 3. At the indicated 
time points samples were taken: 100 µ[-aliquots were treated for SBTI-binding as described in 
Fig. 2 and another 50 µl were jix,ed in 1 ml methanol and prepared for AR determination using 
PSA-FITC. a. Kinetical analysis of AR: spermatozoa displaying PSA-patterns ES and 0 ( •J and 
SBTI-biot patterns A and ES (•) were considered as acrosome-reacted. Results are means and 
standard deviations of 5 independent experiments. b. Correlation of PSA-FITC and SBTI-biot 
methods after 60 min AR induction: as acrosome-reacted after 60 min were counted sperm 
showing PSA-types ES + 0 and sperm showing SETI-patterns A + ES, see Fig. 4a. The 
regression line calculated by least-squares analysis is y = 0. 90x + 6. 8, with r = 0.92 and P 
< 0. 001 (n = 28). c. Kinetics of AR: depicted are all spermatozoa having intact acrosomes 
(pattern PSA-A 1, opened triangles) and no affinity for SBTI-biot (pattern SBTI-0, opened 
circles). Means and standard deviations of 5 independent experiments. d. Correlation of PSA­
FITC and SBTI-biot methods after 60 min AR induction: all sperm showing intact acrosomes 
with PSA-FITC (pattern A1) are compared to all sperm showing absence of SBTI-biot binding 
(type 0), see Fig. 4b. Least-squares analysis produced the graph described by y = 0.93x + 4. 8, 
with r = 0.94 and P < 0. 001 (n = 28). 
spermatozoa the SBTI-binding factor eventually would become lost from the cells . This was of 
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Fi,g. 5. Spennatozoa containing an ES with remaining acrosomal contents are the end stage 
of AR. 
AR induction was performed with calcium ionophore in the presence of BSA in a hypoosmotic 
medium (240 mOsm) according to De Jonge et al. (12). Samples were taken at 15 and 60 min, 
were washed with sperm buffer and incubated with SBTI-biot and prepared for PSA-FITC. 
Fractions SBTI-pattems are depicted by closed signs and dotted line: SBTI-H (11,.), SBTI-A (■) 
and SBTI-ES (•). Fractions PSA-pattems are depicted by opened signs and drawn line: PSA-A2 
(ll.), PSA-0 (□) and PSA-ES (o). Results are means of 5 independent experiments. Not shown are 
patterns SBTI-0 and PSA-A1, which account for the residual percentages. 
(see below). We, therefore, stored the spermatozoa in sperm buffer at 37°C for up to six hours 
after removal of the ionophore. We found that SBTI-binding factor was maintained, and even 
became more prominent, on the cells during the whole period (t=0 post-AR induction: 31 % + 
5 pattern SBTI-ES, t=6 h post-AR induction: 45 % + 4 pattern SBTI-ES). 
Determination of AR on the surface of zonae pellucidae 
After 6 h coincubation with human zonae pellucidae, the bound sperm were incubated with 
SBTl-biot and avidin-Texas Red. Furthermore, ethidium bromide was added to stain permeable 
( = non-vital) spermatozoa. High variation in the sperm binding and AR inducing properties 
between the individual zonae was observed. In experiments involving groups of 10 zonae, the 
average binding within a group could vary from 20-75 sperm per zona. Independent of the 
amount of binding, a group of zonae could induce AR in 10-50% of the bound vital sperm as 
judged by the presence of avidin-Texas Red fluorescence (Fig. 6). Non-vital spermatozoa, 
which had taken up ethidium bromide, could be easily discriminated from the vital cells. No 
SBTI-labeling patterns could be determined for the non-vital spermatozoa due to the intense 
staining of the nucleus by ethidium bromide. The vital spermatozoa displayed mainly patterns 
SBTI-ES and SBTI-0, whereas less than 1 % of the other labeling patterns was observed. About 
5 %  of the spermatozoa with pattern SBTI-ES were still motile, the other 95 % apparently had 














Fig. 6. Induction of AR on the zona pellucida surf ace: visualization by SBTI-biot. 
Capacitated spennatozoa were coincubated with human zonae pellucidae for 6 hours in 
BWW/serum at 37°C. After washing with sperm buffer, the zonae were successively incubated 
with SBTI-biot and avidin-Texas Red, three washes after each step. The final wash included 5 
µglml ethidium bromide, which stains non-vital spennatozoa. The bound spennatozoa were 
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Discussion 
Specificity of SBTI-binding to an acrosomal factor 
In search of a method to detect acrosome-reacted spermatozoa on the surface of zonae 
pellucidae, we evaluated whether SBTI derivatives could fulfill this purpose. FITC-coupled 
SBTI was used in monkey and rabbit by Stambaugh & Buckley (16) for acrosin localization 
studies. However, we detected virtually no binding with this derivative in human sperm. Either 
the labeling conditions in the present work were suboptimal or the human sperm factor involved 
in the binding of SBTI has impaired affinity to the FITC-conjugate (in contrast to the 
biotinylated derivative). Therefore, we used SBTl-biot to study the interaction, which involves 
the use of a second incubation step with an avidin-conjugate. 
Using SBTI-biot/avidin-Texas Red only labeling of the midpiece was seen with untreated 
spermatozoa, which was due to association of avidin-Texas Red. After AR-induction, in 
addition distinct regions of the head became labeled as well (Fig. 2). The fluorescence patterns 
were the result of specific binding of the SBTI protein moiety to the spermatozoa and not of 
non-specific binding of the biotin residue, since no labeling was seen after preincubation with 
unconjugated SBTI. Also, the presence of free biotin had no effect on the labeling patterns. 
Moreover, among biotinylated proteins other than SBTI only ovalbumin could produce patterns 
SBTI-A and SBTI-ES, but the proportions were only 30-50% of those obtained with SBTI-biot. 
The proportions of pattern SBTI-H were comparable for all biotinylated proteins (including 
SBTI-biot) (table 1). 
Evidence that the SBTI-biot bound to an acrosomal factor was derived from the experiments in 
which the kinetics of AR were followed (Fig. 3). In the early minutes after addition of 
ionophore a high level of spermatozoa with acrosome-associated SBTI was seen (pattern SBTI­
A), suggesting a massive exposure of a SBTI-binding factor within its contents. After reaching 
its maximum at 10 min the amount of pattern SBTI-A diminished, with a concommittant 
increase in pattern SBTI-ES. This suggests that pattern SBTI-A represents spermatozoa in initial 
stages of AR, during which the acrosomal contents are still present but already accessible to 
SBTI-biot. Pattern SBTI-ES possibly reflects spermatozoa in which the AR is completed. 
Pattern SBTI-H, in which SBTI-biot was distributed throughout the acrosomal and 
postacrosomal regions, was already apparent at 5 min after initiation of the AR and remained at 
a constant level of < 10% during the entire incubation. Hence this pattern of staining may be 
the result from aspecific association to ruptured membranes. 
The specificity of the binding factor for the SBTI moiety suggests the involvement of an 
acrosomal protease, like acrosin or spermin. SBTI is known to inhibit proteolytic activity of 
acrosin ( or at least a protease from acrosomal origin) ( 17, 18). The course of exposure of SBTI­
binding factor during AR (Fig: 3) resembles the results of Tesaiik et al. (3) and Richardson et 
al. (4), who followed the accessibility of anti-acrosin antibodies to (pro)acrosin after onset of 
the AR. The same sequence of events (detection in the acrosomal region during AR and 
presence within the ES after completion of AR) is likely to be found for many acrosomal 
proteins. For instance, the intra-acrosomal protein SP-10 also remains in the ES after AR (19), 
and an acrosomal protein with affinity for the lectin PSA is detected in the acrosome or on/in 
the ES of non-fixed mammalian spermatozoa only after induction of the AR (20,21). Based on 
corresponding molecular weights, it was suggested that the PSA-binding protein is identical to 
proacrosin (22). Since our results suggest that SBTI-biot and PSA-FITC bind to different factors 
examined for the presence of SBTI-labeling patterns and uptake of ethidium bromide. a. Vital 
spennatozoa displaying pattern SBTI-ES (arrow) are easily discriminated from non-vital 
spennatozoa (arrowhead). b. Accompanying bright field view. Arrows and arrowheads 
correspond to those in a. Bar = IO µm. 
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(see below), it would be interesting to identify the binding characteristics of (pro)acrosin. 
Significance of SBTI-biot patterns to detect stages of AR 
To evaluate the significance of the SBTI-biot method in detecting the AR, we compared the 
results to those of the PSA-FITC method. It should be emphasized that the latter method is 
carried out on cells that are fixed and alcohol-permeabilized, whereas the SBTI-biot method 
uses non-fixed cells. 
The proportion of sperm heads without affinity for SBTI-biot (pattern SBTI-0) and the 
proportion of sperm found to have intact acrosomes with the PSA-FITC method (pattern PSA­
A1) are highly correlated (Fig. 4c,d), even when high levels of PSA-0 were found. Thus pattern 
SBTI-0 mainly represents spermatozoa with intact acrosomes and is not the result of total loss 
of SBTI-binding factor. 
If the AR was induced with A23187 in the absence of BSA, we obtained a close agreement 
between the SBTI-biot and PSA-FITC methods only after 60 min incubation, when the sum of 
patterns SBTI-A and SBTI-ES was compared to the sum of patterns PSA-0 and PSA-ES (Fig. 
4a,b). The disagreement in the earlier stages of AR may be attributed to differences in 
performance of both methods. The SBTI-biot, since it is added to unfixed cells, can bind to the 
acrosomal contents as soon as it becomes accessible early in the AR process, resulting in pattern 
SBTI-A. Pattern PSA-A1 , however, may represent both intact acrosomes and acrosomes in the 
early stages of AR, as it detects remaining acrosomal contents after fixation and 
permeabilization. A time delay of about 30 min between the exposure of the acrosome and 
complete dispersal of the acrosomal matrix has been reported before (23). 
The changes in distribution of SBTI-biot labeling patterns during AR suggest that pattern 
SBTI-ES evolved from pattern SBTI-A (Fig. 3). Like pattern PSA-ES, the SBTI-ES pattern 
indicates the presence of acrosomal contents confined to the ES. Both patterns were almost 
exclusively observed on acrosome-reacted sperm, after induction with ionophore A23187 in the 
presence of BSA in a hypoosmotic medium according to De Jonge et al. (12). These authors 
concluded, based on preserved motility, that all acrosome-reacted sperm were vital. However, 
we found that SBTI-binding sperm were all non-vital. Nevertheless, for these sperm we 
observed mainly binding pattern SBTI-ES, which was highly correlated with the PSA-ES pattern 
(Fig. 5). Patterns SBTI-H and PSA-A2, which are indicative of damaged membranes were only 
present in very low proportions. In addition, patterns SBTI-A and PSA-0 were also rarely 
detected. Apparently, AR induced under mild conditions seems to produce only equatorial 
segments retaining its contents. This is supported by the results of Liu & Baker (18), who found 
almost exclusively pattern PSA-ES for acrosome-reacted spermatozoa that were removed from 
zonae pellucidae. Furthermore, on the zona pellucida surface, we could only detect spermatozoa 
with binding pattern SBTI-ES (see also below). 
The PSA-ES pattern can be converted into pattern PSA-0 after prolonged post-AR incubation 
(24). In contrast, under the same conditions the SBTI-binding factor is maintained within/on the 
ES. Apparently, PSA and SBTI do not bind the same factor. This difference might be explained 
if PSA only recognizes proacrosin, whereas SBTI would bind to the activated enzyme. Under 
normal conditions the ES apparently would contain both proacrosin and acrosin, and the 
appearance of the PSA-0 pattern would be the result of a selective removal of proacrosin 
peptide(s) from the ES upon activation to acrosin, which is retained in this region. This could 
also explain the observed increase in pattern SBTI-ES after prolonged post-AR incubation, and 
the rather high fractions of pattern SBTI-A in some of the experiments, which might reflect 
acrosin that remains associated to the inner acrosomal membrane after AR (3). The putative 
meanings of the various PSA-FITC and SBTI-biot patterns are summarized in table 2. 
Our results also indicate that the SBTI-binding factor in the ES region of non-fixed cells is 
accessible to relatively large molecules as SBTI-biot and avidin-Texas Red. Whether this 
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Table 2. Putative meanings of PSA-FITC and SBTI-hiot patterns for the acrosomal state*. 
AR stage 













* PSA-A2 and SBTI-H probably indicate damaged membranes. 
indicates a surface location or easy access to the ES-retained acrosomal matrix remains to be 
elucidated. 
Using SBTI-biot for detection of AR on the zona pellucida surface 
The above observations showed that apparently all acrosome-reacted spermatozoa contain 
SBTI-binding factor, which is maintained within the ES for several hours. Therefore, in 
principle, the SBTI-biot method might also be used for detection of the AR on zonae pellucidae 
surface. We tested this with zonae pellucidae from fertilized, cleaved oocytes. In contrast to 
Franken et al. (25), we found that these zonae pellucidae were still able to bind spermatozoa in 
relatively large numbers, although considerable variation was observed. Furthermore, most 
zonae had retained the ability to induce the AR as reflected by the presence of SBTI bound to 
the ES. Possibly, the process of zona hardening by oocytal factors, is not always effectively 
expressed on the outer surface of the matrix. Usually 10-40% of the vital sperm showed affinity 
for SBTI-biot. Only SBTI-binding to the ES was observed. 
To induce AR it was found necessary to coincubate zonae and sperm fur more than 5 hours. 
Since some of the zonae contained previously bound sperm, which sometimes showed SBTI­
labeling patterns, we discerned the dead sperm with ethidium bromide. The advantage of using 
this vital stain was that without changing filters, bound SBTI-biot ( + avidin-Texas Red) to vital 
sperm and non-vital sperm could be discriminated in one view. Some of the observed non-vital 
sperm may be those that had undergone the AR early in the coincubation. Since vital, 
acrosome-reacted spermatozoa could only be obtained with zonae pellucidae, we were not able 
to determine how long sperm remain inaccessible to ethidium bromide after completion of the 
AR. 
In conclusion, SBTI-biot has affinity for an acrosomal factor, probably acrosin, which is 
accessible as soon as the AR starts. The SBTI-biot method may be used to determine AR of 
spermatozoa in suspension and on human zonae pellucidae. The endpoint after mild AR 
induction conditions is reflected by pattern SBTI-ES, which correlates well with pattern PSA­
ES. However, in in vitro studies, it is recommended to use the sum of SBTI-A + ES as the 
value for completed AR for preparations showing high levels of other SBTI-pattems .  A major 
advantage of the SBTI method is its validity in detection of acrosome-reacted sperm on the 
human zona pellucida surface. Consequently, the method may be used to test the ability of 
spermatozoa of non-fertile patients to undergo a physiological AR. Given the broad spectrum of 
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Abstract 
The fusogenic properties of bovine and human spermatozoa! membranes were investigated, 
using phospholipid bilayers Qiposomes) as target membranes. Fusion was monitored by 
following lipid mixing, as revealed by an assay based on resonance energy transfer. In addition, 
fusion was visualized by fluorescence microscopy, using fluorescent lipid vesicles. 
Cryopreserved bovine sperm fused with liposomes before induction of the acrosome reaction, 
fluorescence being located in essentially all spermatozoa! membrane domains. Fresh bovine and 
human spermatoza fused with liposomes only after the induction of the acrosome reaction, as 
triggered by calcium ionophore A23187 or zonae pellucidae (proteins), while the fluorescence 
distribution was mainly restricted to the equatorial segment (ES). However, with spermatozoa 
that had undergone a freeze/thawing cycle, domains other than ES also became labeled. Hence, 
the redistribution of the lipid probes over the entire membrane occurring during lipid mixing 
with cryopreserved bovine sperm is most likely to be related to membrane perturbations caused 
by long-term cryopreservation. Fusion with liposomes was governed by spermatozoa! factors 
and required the presence of acidic phospholipids like cardiolipin and phosphatidylserine in the 
liposomal bilayer. Incorporation of the zwitterionic lipid phosphatidylcholine in the vesicles 
inhibited the fusion reaction. Fusion was pH-dependent. The results indicate that the ES is the 
primary domain of spermatozoa! membranes that harbours the fusogenic capacity of sperm. 
Liposomes appear a valuable tool in further characterizing the properties of this domain, which 
has been claimed (Yanagimachi, R. (1988), in The Physiology of Reproduction (Knobil, E. and 
Neill, J. , eds.) pp.135-185, Raven Press, New York) to represent the putative, initial fusion site 
for the oocyte. 
Introduction 
Mammalian reproduction involves a sequence of specific sperm-egg interactions. Prior to these 
interactions, spermatozoa first have to undergo the still poorly understood process of 
capacitation. After penetrating the cumulus cell mass surrounding the egg at ovulation, the 
spermatozoa bind to the egg's extracellular coat, the zona pellucida. This glycoprotein matrix 
probably induces the acrosome reaction (AR). Only after onset of the AR, spermatozoa can 
penetrate the zona pellucida and acquire the competence to fuse with the egg plasma membrane. 
The acrosome is a lysosome-like organel, overlying the apical part of the nucleus. The AR is an 
exocytotic process involving a vesiculation, caused by focal point fusion events between the 
anterior half of the plasma membrane of the head with the underlying outer part of the 
acrosomal membrane. During the AR the inner acrosomal membrane becomes exposed to the 
environment, while the equatorial segment (ES) of the acrosome is left behind (see for reviews: 
[ l  ,2,3]). After AR, the ES is a rigid structure formed by remnants of the inner and outer 
acrosomal membranes and plasma membrane. The structure is located between the former inner 
acrosomal membrane and the postacrosomal membrane [4] . 
Acrosome-reacted spermatozoa can penetrate the zona pellucida and, subsequently, bind to and 
fuse with the oocytal plasma membrane [ l,2]. Electronmicroscopic examination has shown that 
fusion with the oocytal membrane starts at the ES [2,5,6] . Since the plasma membrane-derived 
part of the ES gains its fusion competence only during or after AR, some changes must occur in 
the ES composition. The involvement of potassium ions [7,8] and metalloendoprotease [9,10] 
has been suggested. 
Only very little is known about the final fusion event between sperm and oocyte. Biochemical 
analysis is limited due to the low amounts of oocytes that are available. Work done on murine 
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sperm-oolemma interaction has shown that medium factors as well as proteins from both 
spermatozoa! and oocytal origin may be involved [7,8,11-15]. 
Due to practical and ethical reasons the only alternative for the human system is the hamster 
oocyte test, originally introduced by Yanagimachi et al. [16]. The method makes use of the 
property of the hamster egg plasma membrane to fuse with virtually every mammalian sperm. 
Using this system human sperm proteins possibly participating in the fusion process have been 
identified [17-19]. However, it is not clear whether these proteins are only involved in the 
association to the hamster oocytal membrane and/or that they mediate the actual fusion step. 
Furthermore, the method is subject to strong variation [20] , whereas considerable false negative 
scores may be obtained [21]. In view of these difficulties, we used artificial membranes to study 
the fusogenic properties of spermatozoa. 
Much more knowledge is available about the interaction between and subsequent fusion of 
artificial membranes Oiposomes). For fusion of liposomes (consisting entirely of phospholipids 
arranged in bilayers) a close contact is necessary between both membranes, whereas the actual 
merging step requires membrane destabilization (see for review: [22]). Experiments with 
enveloped viruses have shown that specific proteins are involved in the merging of these 
particles with host cells or liposomal membranes [23, 24]. Recently, a guinea pig sperm protein 
has been identified that contains putative membrane binding and fusion domains [25]. 
In the present work, we show that spermatozoa are able to fuse with liposomes. After AR, the 
ES seems to be the preferred target site, which suggests that liposomes may be used to 
determine and study the spermatozoa! factors involved in fusion. Part of this study was 
presented in a preliminary report [26]. 
Materials and methods 
Chemicals 
Cardiolipin (CL, bovine heart), phosphatidylserine (PS, bovine brain), phosphatidylcholine 
(PC), N-(lissamine Rhodamine B sulfonyl) phosphatidylethanolamine (N-Rh-PE), and N-(7-
nitrobenzo-2-oxa-1,3-diazole-4-yl) phosphatidylethanolamine (N-NBD-PE) were purchased from 
A van ti Polar Lipids, Inc. Birmingham, AL. Hepes was from Flow Laboratories, Irvine, 
Scotland. Calcium ionophore A23187 and fluorescein isothiocyanate-labeled Pisum sativum 
agglutinin (PSA-FITC) were from Sigma, St. Louis, MO. Bisbenzimide Hoechst 33258 was 
from Calbiochem, San Diego, CA. Percoll was purchased from Pharmacia LKB Biotechnology, 
Uppsala, Sweden and lOx concentrated Earle's balanced salt solution from Serva, Heidelberg, 
FRG. 
Bovine spermatozoa 
Fresh, ejaculated bovine spermatozoa were kindly provided by Dr. B. Colenbrander, 
University of Utrecht, the Netherlands. Cells were separated from semen plasma using a Percoll 
cushion. 
Cryopreserved bovine spermatozoa were obtained from the KI-Vereniging Groningen/Noord­
Drenthe, Groningen, The Netherlands. All batches used had been preserved in liquid nitrogen 
for more than 5 years. Egg yolk medium that served as the cryoprotectant was removed using a 
Percoll cushion. 
Isotonic Percoll (100%) was prepared by adding one volume of lOx concentrated Earle's 
balanced salt solution (Serva, Heidelberg, FRG) to 9 volumes of Percoll. Dilution of 100% 
Percoll was done with sperm buffer. Sperm buffer consisted of 2. 7 mM KCl, 0.5 mM MgC12, 
0. 7 mM NaH2P04 , 10 mM Hepes, 10 mM NaHC03 , 115 mM NaCl and 0.1 % (mass/v) 
glucose; the pH was adjusted to 7.4 and the osmolarity to 285 mosmol. Calcium was omitted to 
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avoid ion-induced fusion of liposomes with spermatozoa and liposome-liposome fusion. 
Spermatozoa suspensions were layered on 60% Percoll in Earle's solution and were 
centrifuged at 600 x g for 15 minutes. The spermatozoa were washed twice with sperm buffer. 
After checking for > 70 % motility and vitality the suspension was diluted to 100 x 1()6 
cells/ml. 
Human spermatozoa 
Human ejaculated spermatozoa were obtained from men who were normospermic according to 
WHO criteria [27]. Ejaculates were collected by masturbation into a wide-mouth plastic jar and 
delivered at the laboratory within two hours after ejaculation. Semen was liquefied at 37°C for 
30 minutes and layered on top of 70% Percoll. The cells were fractionated by centrifugation at 
600 x g for 30 minutes. The pellet was washed once with sperm buffer and suspended in sperm 
buffer to the desired concentration. Only preparations with more than 80% motile sperm were 
used. 
Induction of AR in suspension 
Spermatozoa (100 x 106 cells per ml sperm buffer) were preincubated with 5 mM CaC12 at 
37°C. AR was initiated by addition of 10 µM calcium ionophore A23187 from a stock solution 
in dimethylsulfoxide (DMSO), final concentration DMSO 0.5% (v/v). The AR was allowed to 
proceed for 60 minutes at 37°C. The incubation was stopped by centrifugation for 3 min at 600 
xg followed by a wash with sperm buffer. 
Occasionally, vitality was determined by addition of Hoechst 33258 to a final concentration of 
50 µglml. Spermatozoa that showed fluorescent nuclei were considered non-vital. 
Determination of AR 
Acrosome-reacted bovine and human spermatozoa in suspension were detected using the 
method of Cross et al. [28], which was slightly modified. Fifty µl spermatozoa preparation were 
fixed by suspension in 1.0 ml methanol at room temperature for 30 minutes and 5 µl of the 
suspension was air-dried on slides. The slides were covered with a droplet of PSA-FITC at a 
concentration of 50 µg/ml in phosphate buffered saline, and incubated in a humid Petri dish in 
the dark for 15 minutes. After rinsing the slides with tap water, at least 100 spermatozoa were 
scored for FITC-fluorescence on the apical segment. Acrosomeless spermatozoa either did not 
fluoresce or had a stained equatorial segment. The method could not be used to determine the 
acrosomal state of spermatozoa bound to zonae pellucidae, since PSA has affinity for zonal 
glycoproteins [28]. 
Preparation of liposomes 
Large unilamellar vesicles consisting of CL, PS or PC were prepared by reverse phase 
evaporation [29, 30]. The vesicles, made in 5 mM sodium acetate/5 mM Hepes/140 mM NaCl, 
pH 7.4, were sized by extrusion through polycarbonate Unipore membranes (pore size 0.1 µm, 
Bio-Rad). 
Fusion measurements 
Cryopreserved bovine sperm and fresh human sperm were incubated with the liposomes and 
fusion was either measured using an assay based on resonance energy transfer (RET) or 
analyzed by fluorescence microscopy. 
RET assay. With this assay fusion is followed by monitoring lipid mixing [31]. The liposomes 
contain 0.8 mol/100 mol each of the fluorescent phospholipid analogues N-Rh-PE and N-NBD­
PE. At these probe concentrations photons emitted by the excited N-NBD-PE will be transferred 
to N-Rh-PE and no NBD-fluorescence will be measured. Upon fusion with a non-labeled 
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membrane the probes will be diluted, resulting in a decrease in energy transfer and hence an 
increase in NBD-fluorescence. 
NBD-fluorescence was measured with a Perkin-Elmer MPF 43 spectrofluorometer at 
excitation and emission wavelengths of 465 nm and 530 nm, respectively. The temperature was 
maintained at 37°C with a thermostated cuvette holder, equipped with a magnetic stirring 
device. The final incubation volume was 2 ml. For fusion measurements the liposomes (50 
nmol lipid) were incubated in fusion buffer (110 mM NaCl/20 mM sodium acetate/IO  mM 
sodium phosphate adjusted to the desired pH). Fusion was initiated by injecting 12.5 x 106 
spermatozoa (in 50 µl) with a Hamilton syringe into the liposome-containing incubation 
mixture. The fluorescence scale was calibrated by setting the initial fluorescence of the non­
fused (labeled) vesicles equal to 0% fluorescence. 100% fluorescence (infinite dilution) was 
determined after disruption of the vesicles in Triton X-100 (1 % ,  v/v). Corrections were made 
for sample dilution and for effects of the detergent on the quantum yield of NBD. 
Fluorescence microscQQY• Samples were prepared by adding 10 µl of a liposome suspension 
(20 nmol phospholipid and labeled with 0.6 mol/100 mol N-Rh-PE) to 100 µl of a spermatozoa 
preparation (100 x 106/ml). Loosely associated liposomes were immediately removed by 
centrifugation for 3 min at 600 x g. The incubation conditions (pH, incubation time and 
temperature) are described in the legends to the figures. Fusion was studied by fluorescence 
microscopy in a Leitz Dialux microscope using incident illumination. At least 100 spermatozoa 
were counted. 
Based on initial experiments in which temperature, time, and pH were varied a standard 
incubation condition was defined: 107 spermatozoa in 100 µl sperm buffer pH 7.4 were mixed 
with 10 µl liposomes (final concentration 0.25 mM liposomal phospholipid) at room temperature 
and the cells were immediately pelleted by a centrifugation step of 3 min to remove loosely 
associated liposomes that obscured the spermatozoa! surface. 
Zonae pellucidae 
Zonae pellucidae were obtained from fertilized and cleaved human oocytes that were not 
transferred in the in vitro fertilization program. The embryos were washed through several 
drops of phosphate buffered saline and frozen at -60°C without any cryoprotectant. After 
thawing the embryos had completely collapsed, whereas the zonae remained virtually intact. 
The remaining zonae were washed thrice by pipetting in Biggers, Whitten and Whittingham 
(BWW) medium [32] supplemented with 10% pooled serum from pregnant women [33]. 
Induction of AR by zonae pellucidae 
Spermatozoa were centrifuged over 70% Percoll, washed twice via centrifugation with 
BWW/serum and brought to a concentration of 5-10 x 106 motile sperm per ml. To induce 
capacitation, the suspensions were incubated for 18 hours at 37°C in test tubes. A portion was 
tested for fusogenic activity after two wash steps with sperm buffer, which removes calcium 
ions and serum, both interfering with fusion. 
Fifty µl of the capacitated spermatozoa in BWW/serum were coincubated with 5-10 zonae in a 
plastic dish under oil at 37°C. After 6 hours the zonae were washed in sperm buffer containing 
1 % bovine serum albumin to remove calcium ions, serum and non-bound spermatozoa. The 
zonae were finally resuspended in 50 µl sperm buffer containing 1 % bovine serum albumin. To 
this mixture 5 µl liposomes (final concentration 0.25 mM phospholipid) were added and fusion 
was allowed to proceed for 15 min at room temperature. After washing 3 times with sperm 
buffer containing 1 % bovine serum albumin, the bound sperm were scored for fusogenic 
activity as described above. Occasionally, vitality of the bound sperm was determined. In this 
case, the final wash was carried out in the presence of 50 µg/ml Hoechst 33258. 
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Statistical analysis 
Data were analyzed using the Wilcoxon matched-pairs signed-rank test [34]. 
Results 
pH-dependent interaction of liposomes with bovine sperm 
Using lipid mixing as a measure of fusion, it was observed that untreated cryopreserved 
bovine spermatozoa readily fused at pH 5.0 with liposomes comprised of the acidic 
phospholipids cardiolipin (CL) and phosphatidylserine (PS). Typical lipid dilution profiles 
obtained with an assay based on RET are shown in Fig. 1. With both liposome types the 
reaction was completed within 3 min. Given the faster initial rate and higher final extent of 
fluorescence obtained, CL liposomes fused more avidly than PS liposomes. 
Fusion of CL and PS liposomes with the spermatozoa was pH-dependent. At mild acidic pH 
values fusion proceeded faster than at pH 7.4 (Fig. 2a). This effect was also reflected by the 
final extent of fluorescence (Fig. 2b). Note that above pH 6.0 lipid mixing between the sperm 
and PS liposomes no longer occurred. 
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Pig. 1. RET profiles for the fusion between cryopreserved bovine spenn and liposomes. 
Liposomes (50 nmol phospholipid) were preincubated at 37°C in fusion buffer at the desired 
pH. Fusion was initiated by the addition of 12.5 x J(f thawed, cryopreserved bovine 
spermatozoa and lipid dilution as reflected by an increase in NBD fluorescence was monitored 
as a function of time. The final volume was 2 ml. Only data for the fusion with CL liposomes at 
pH 5.0 (a) and pH 7..4 (b) and PS liposomes at pH 5.0 (c) and pH 7.4 (d) are shown. 
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Fig. 2. Fusion of cryopreserved bovine 
spenn with liposomes. 
Fusion of bovine spenn with CL (circles) 
and PS (triangles) liposomes was followed 
using the RET assay as described in Fig. 
1. Initial rates (a) and extent (b) of lipid 
mixing were detennined for spennatozoa 
before (filled symbols) and after (open 
symbols) induction of the AR using 
calcium ionophore A23187. Paired data 
(14 experiments) for one pH-value were 
analyzed using the Wilcoxon signed pairs 
rank test. Significantly different (P < 
0. 05) values are indicated by asterisks. 
Parameters affecting pH-dependent bovine sperm-liposome interaction 
The results described in the previous paragraph were obtained with spermatozoa before AR 
induction. However, sperm that had been treated with calcium ionophore A23187 to induce the 
AR did not respond significantly different. Thus after AR induction, fusion between sperm and 
CL liposomes was virtually the same as before ionophore treatment, irrespective of pH (Figs. 
2a, 2b). With PS liposomes a small increase in fusion rate after AR induction was observed 
only at pH 5.0 (Fig. 2a), but this was not translated into a higher extent of fluorescence (Fig. 
2b). 
Whereas the fusion-susceptible surface properties of the cryopreserved bovine spermatozoa do 
not seem to be dramatically affected by the AR, the properties of the liposomal surface appear 
to affect overall lipid dilution substantially. As already indicated above, CL vesicles fuse more 
avidly with spermatozoa than PS vesicles. However, with liposomes that contain more than 75 
mol/100 mol of the zwitterionic phosphatidylcholine (PC) in their bilayers, no fusion could be 
measured at all. Incorporation of lower amounts of this phospholipid in CL liposomes markedly 
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Fig. 3. Effect of incorporation of PC in CL liposomes on the fusion with cryopreserved bovine 
spenn. 
Increasing amounts of PC were incorporated in CL liposomes. Fusion was carried out as 
described in Fig. 1 at different pH values (•, pH 5.0; o, pH 5.5; .1., pH 6.0) and initial rates of 
NBD fluorescence increase were calculated. Only data for non-acrosome reacted spermatozoa 
are shown. Each value is the mean of five different measurements. 
Fig. 4. Fluorescence la.beling patterns of cryopreserved bovine spenn after incubation with 
liposomes. 
Thawed, cryopreserved bovine spermatozoa (HI cells per ml sperm buffer) were incubated for 
60 min at 37°C with 5 mM CaCl2 and JO µM A23187 to induce the AR (c,d) or with 5 mM 
CaC/2 and 0.5% (vlv) DMSO (a,b). The reaction was terminated by washing the cells. After 
addition of liposomes (final concentration 0. 25 mM phospholipid) the cells were immediately 
centrifuged for 3 min at 600 x g, resuspended in sperm buffer and studied by fluorescence 
microscopy for associated rhodamin fluorescence. (a) Non-acrosome reacted spermatozoa 
incubated with CL liposomes. The acrosome-overlying PM becomes preferentially labeled. 
Incorporation of N-Rh-PE is also observed in the postacrosomal pan and midpiece. (b) Non­
acrosome reacted spermatozoon incubated with PS liposomes. Diffuse fluorescence is located in 
the acrosome-overlying PM and almost completely absent in the postacrosomal PM. (c) 
Acrosome-reacted spermatozoa incubated with CL liposomes. The ES is the preferentially 
labeled membrane domain. (d) Acrosome-reacted spermatozoon incubated with PS liposomes. 
Note the fluorescence incorporated in the acrosomal ghost (arrow). (e) Acrosome-reacted 
spermatozoa incubated with PS liposomes. Fluorescence in the apical and postacrosomal pan of 
the head is less intense than observed in Fig. 4b. Bar = JO µ,m. 
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Characterization of liposome-bovine sperm interaction with fluorescence microscopy 
To characterize the interaction of liposomes with individual spermatozoa, fluorescence 
microscopical studies were carried out, using N-Rh-PE labeled liposomes. When sperm had 
been incubated with CL vesicles at pH 5.0 for 5 min, more than 90% of the population of 
cryopreserved bovine spermatozoa showed a distribution of rhodamine fluorescence throughout 
all membrane domains. However, brightly fluorescent caps suggested that N-Rh-PE was 
preferentially located in the acrosome-overlying plasma membrane (PM) (Fig. 4a). At higher 
pH values the same pattern was observed, but the number of non-labeled cells increased. Fusion 
with PS liposomes seemed to occur more specifically since the fluorescence was much more 
prominently located in the acrosome-overlying PM than in other membrane domains (Fig. 4b). 
A qualitative estimate suggested about 20% of the spermatozoa to contain diffuse rhodamine 
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fluorescence at pH 7.4 ,  although no lipid dilution could be measured at this pH-value using the 
RET assay. At pH 5.0 approximately 70% of the spermatozoa were labeled. Approximately 10-
20 % of the spermatozoa had retained motility after incubation with both liposome types and 
subsequent washing. These sperm also displayed preferentially labeled acrosomal caps. 
The pattern of fluorescence distribution changed markedly after AR induction. The ionophore 
treatment completely abolished motility and resulted in a loss of acrosomal contents in 50% (± 
12%) of the spermatozoa as determined with PSA-FITC. At pH 5.0 approximately 50% of the 
ionophore-treated spermatozoa showed brightly fluorescent equatorial segments or 
postacrosomal parts after incubation with N-Rh-PE containing CL liposomes, while the inner 
acrosomal membrane only contained small amounts of N-Rh-PE (Fig. 4c). However, many 
spermatozoa possessed remnants of the acrosome still attached to the head. These acrosomal 
ghosts were always strongly fluorescent (arrow in Fig. 4d). The other 50% of the sperm 
population displayed the fluorescence pattern observed for non-treated sperm. At higher pH 
values increasing numbers of unlabeled cells were seen. 
Fusion of acrosome-reacted sperm with PS liposomes resulted in predominant incorporation of 
N-Rh-PE in the equatorial segment in 40% of the total sperm population (Fig. 4e); only 10% 
displayed fluorescent postacrosomal membranes. As observed for CL liposomes, heavily labeled 
acrosomal ghosts were attached to many of the sperm heads, whereas about 50% of the 
spermatozoa apparently had escaped AR and showed fluorescent caps (not shown). The inner 
acrosomal membrane displayed only faint amounts of label, the intensity of fluorescence being 
much lower than that observed after fusion with CL liposomes. 
Fig. 5. Fusion of PS liposomes with fresh bovine spennatozoa after AR induction. 
Fresh bovine spermatozoa were acrosome-reacted by A23187 treatment and incubated with PS 
liposomes as described in Fig. 4. The spermatozoa were photographed using combined incident 
(rhodamin channel) and bright field illumination. Note that N-Rh-PE is preferentially found in 
the ES. Bar = 20 µm. 
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Effect of cryopreservation on bovine spenn-liposome fusion 
We repeated some experiments, carried out with cryopreserved bovine sperm with fresh 
spermatozoa. No cell-associated fluorescence was seen before AR induction. However after 
triggering the AR by treatment with Ca2+-ionophore A23 187 the fluorescent lipid analog N-Rh­
PE was almost exclusively associated with the ES (Fig. 5) . 
On the other hand, fresh bovine spermatozoa incubated 4 hours at 37°C in egg yolk medium 
or cryopreserved for 1 day to 4 weeks in the same medium never showed any fusogenic activity 
towards CL and PS liposomes unless the AR was triggered by ionophore treatment (results not 
shown). 
Fig. 6. Fluorescence labeling patterns of human spenn incubated with liposomes. 
After AR induction with calcium ionophore A23187 the spermatozoa were resuspended to HJ 
per ml in sperm buffer at room temperature. After addition of PS liposomes (final concentration 
0.25 mM phospholipid) the cells were immediately centrifuged for 3 min at 600 x g, 
resuspended in sperm buffer and studied by fluorescence microscopy for associated rhodamin 
fluorescence. (a) Type H: fluorescence distribution all over the head. (b) Type ES: diffuse 
fluorescence confined to the ES. (c) Type 0: no label incorporation in the head membranes. 
Fluorescence is seen in a punctate fashion, which was considered binding of liposomes without 
incorporation of N-Rh-PE in the spermatozoa/ membrane. (d) Type 0: no label incorporation in 
the head membranes. Fluorescence is either totally absent (arrow) or displayed as a punctate 
pattern (arrowhead). (e) bright field view of d. Bar = 5 µm. 
Characterization of fusion between liposomes and human sperm with fluorescence 
microscopy 
The fluorescence distribution patterns observed in fresh human sperm, that had been incubated 
for 5 min with N-Rh-PE-labeled PS or CL liposomes, resembled those found with fresh bovine 
sperm. 
The labeling patterns observed with human sperm were placed into the following categories: 
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Table 1. Distribution of patterns observed after fusion of human sperm with liposomes at standard conditions. Spermatozoa were 
suspended to 108 cells/ml sperm buffer and preincubated for 5 min at 37°C in the presence of 5 mM Ca2+. The preparations received 
either 0.5 %  (v/v) DMSO (-) or 10 µM calcium ionophore A23187 (+,  final concentration DMSO 0.5%), and the incubation was 
prolonged for 1 hour. The incubation was terminated by centrifugation for 3 min at 600 x g, the cells were washed once and resuspended 
in sperm buffer to the initial concentration. The preparations were mixed with liposomes (0.25 mM phospholipid), immediately centrifuged 
for 3 min at 600 x g and resuspended in sperm buffer. The spermatozoa were scored by fluorescence microscopy according to fig 1. 
l iposomes A2 3 18 7  type H type ES type 0 AR type ES/AR n 
% ( SD) % ( SD )  % ( SD) % ( SD ) ( SD )  
CL - 8 . 0 ( 5 . 7 ) 0 ( 0 )  9 2 . 0 ( 5 . 7 )  6 . 2 ( 7 . 2 )  0 ( 0 )  5 
+ 3 2 . 3 ( 7 . 6 ) 19 . 4 ( 8 . 1 ) 4 8 . 3 ( 9 . 3 ) 58 . 9 ( 2 3 . 3 )  0 . 3 6 ( 0 . 15 )  10 
PS - 4 . 7 ( 4 . 1 ) 0 . 9 ( 0 . 9 )  94 . 0 ( 3 . 5 ) 3 . 0 ( 2 . 6 ) 0 . 64 ( 0 . 7 4 )  7 
+ 5 . 0 ( 5 . 0 ) 2 9 . 0 ( 6 . 3 )  6 6 . 0 ( 9 . 4 ) 7 1 . 0 ( 10 . 0 ) 0 . 4 0 ( 0 . 14 )  3 1  
PC - 0 ( 0 )  0 ( 0 )  100 ( 0 )  2 . 0 ( 1 . 8 )  0 ( 0 )  4 
+ 0 ( 0 )  0 ( 0 )  100 ( 0 )  62 . 8 ( 6 . 4 ) 0 ( 0 )  4 
PS + 7 . 1 ( 6 . 9 ) 3 1 . 5 ( 8 . 5 ) a 61 . 0 ( 13 . 9 )  7 6 . 1 ( 1 1 . 0 ) 0 . 4 2 ( 0 . 13 )  8 
2 5% PC + 3 . 9 ( 4 . 1 ) 17 . 0 ( 11 . l ) a 7 9 . 4 ( 14 . 2 ) 0 . 2 3 ( 0 . 15 )  
5 0 %  + 1 . 9 ( 2 . 5 ) 11 . 3 ( 9 . 7 ) a 8 6 . 9 ( 1 1 . 9 ) 0 . 15 ( 0 . 13 )  
7 5% + 0 ( 0 )  0 . 4 ( 0 . 5 ) a 99 . 6 ( 0 . 5 ) 0 . 00 ( 0 . 10 )  
d increasing mole ratios PC resulted in decreasing levels type ES fluorescence, which were all significantly different (P < 0.05) using the 
Wilcoxon matched-pairs signed rank test. 
� (Fig. 6a): diffuse fluorescence throughout the head, often including midpiece and (parts 
of) the tail; 
t}'.pe ES (Fig. 6b): a continuous fluorescent band located at the middle of the head and 
considered to be the ES. Fluorescence was only rarely seen in the whole postacrosomal 
segment, but never in the apical part of the head. 
� (Fig. 6c,d): absence of incorporated N-Rh-PE. Spermatozoa with bound liposomes (seen 
as punctate fluorescence) without diffuse fluorescence (arrowheads in Fig. 6d,e) were included 
in this category. Binding of liposomes could be seen to occur over the entire head region, but 
was usually most outspoken on the ES. 
Based on cell-associated N-Rh-PE, only 5 to 10% of the sperm population interacted with CL 
and PS liposomes before AR at pH 7.5 .  In these cases the fluorescent label was distributed over 
both the head and tail. However, high levels of this type H-fusion (see Fig. 6a) were often 
observed with preparations of poor quality ( < 40% motility, > 50% abnormal morphology) 
suggesting it to be due to membrane perturbation. Indeed, consistent with this suggestion is the 
observation that spermatozoa that were subjected to 5 cycles of freeze-thawing without 
cryoprotectant, similarly showed high levels of type H-fusion. An accurate quantitation of these 
levels was difficult since both CL and PS liposomes associated heavily to the heads, thereby 
obscuring the surface. Nevertheless, the results indicate that thus treated membranes seem to be 
more susceptible to lipid dilution. 
Interestingly, when human spermatozoa had undergone the AR they avidly fused with both CL 
and PS liposomes at pH 7.5. Fusion preferentially occurred with the ES as suggested by the 
almost exclusive incorporation of the fluorescent probe in this region (type ES, see Fig. 6b). 
Fusion of spermatozoa with PS liposomes seemed to be more specific than with CL liposomes. 
With the latter, a relatively high degree of type H-labeling (approximately 30%, see table 1) 
was usually observed after AR induction, which could be indicative of membrane perturbation. 
On average about 20% of the spermatozoa fused with CL liposomes exclusively at the ES. The 
other half of the cells did not show interaction with the CL vesicles (table 1). 
In contrast to the fusion behaviour of spermatozoa with CL liposomes, fusion with PS 
liposomes was almost exclusively confined to the ES. Approximately 30% of the spermatozoa 
and 40% of the acrosome-reacted spermatozoa fused with the PS liposomes. Type H-fusion 
remained at background levels and the N-Rh-PE lipid analog did not diffuse to the 
postacrosomal part (not shown; cf. table 1). 
PC liposomes did not firmly associate to spermatozoa as washed cells showed no cell­
associated fluorescence. Hence no fusion occured with PC liposomes. Yet, when increasing 
amounts of PS were included into the liposomal bilayer, fusion became apparent again (table 1). 
However, the rate decreased dramatically when the mole ratio of PC increased. 
Attempts were made to quantify fusion activity using the RET assay. Unfortunately, no lipid 
mixing could be measured with human sperm before or after AR induction. 
Fusion of PS liposomes with intact human spermatozoa after zona pellucida-induced AR 
Induction of the AR by ionophore A23187 could lead to a high degree of membrane 
perturbation. In fact, treatment with ionophore for 60 min (to achieve a high level of AR) 
resulted in a severely diminished motility and the spermatozoa took up the nuclear stain Hoechst 
33258. Both observations are indicative of membrane perturbation resulting in a relatively high, 
non-specific fusion susceptibility. This prompted us to investigate the possibility of using human 
zonae pellucidae as a more physiological method for AR induction. 
Before addition to zonae pellucidae, overnight capacitated spermatozoa only showed very low 
backgrounds ( < 2 % ) of H-type labeling and no fusogenic equatorial segments could be seen as 
reflected by the absence of N-Rh-PE. After capacitation the spermatozoa were allowed to bind 
to human zonae pellucidae as shown in Fig. 7. Some of the vital spermatozoa, which were 
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Fig. 7. Fusion of PS liposomes with intact human spennatozoa after AR induction on the 
zona pellucida surface. 
Overnight capacitated, human spermatozoa were incubated with human zonae pellucidae for 6 
hours at 37°C. After 3 wash steps with sperm buffer to remove calcium, serum and loosely 
bound spermatozoa the zonae were incubated with PS liposomes (0. 25 mM phospholipid) for 15 
min. The zonae were washed twice with sperm buffer containing 1 % bovine serum albumin and 
a final wash included 50 µg Hoechst 33258 per ml. (a) Rhodamin fluorescence pattern 
combined with bright field illumination of spermatozoa bound to a zona pellucida. Note that 
only type ES-labeling is present (arrows). (b) Accompanying Hoechst fluorescence pattern 
combined with bright field illumination. The fluorescent stain is excluded from spermatozoa with 
intact membranes. The spermatozoa that interacted with the liposomes on the ES are intact 
(arrows). Bar = JO µm. 
occasionally motile, show a fluorescent ES (arrows in Fig. 7a,b) . No other labeling type could 
be observed. Type H-fluorescence was not even seen with non-vital spermatozoa. 
Discussion 
The present experiments show that spermatozoa! membranes avidly bind to and subsequently 
fuse with liposomes, that consist of pure, negatively charged phospholipids such as PS and CL. 
The results are very reminiscent of observations made for fusion between enveloped viruses 
and liposomes [35] . The fusion of a virus with a target membrane is thought to be triggered by 
penetration of a viral fusion peptide into the hydrophobic core of a lipid bilayer [23 , 24] . 
Interestingly, a protein from guinea pig sperm has been reported recently, that contains such a 
putative fusion domain [25] . 
In the experiments described here, quantitative measurements of fusion, employing a lipid 
mixing assay, could only be obtained with bovine sperm that were cryopreserved for a long 
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period. With fresh bovine and human sperm no significant lipid dilution could be measured in 
spite of the fact that some 5-10% of cells become labeled. Probably, in this case only a very 
small fraction of the liposomes is involved in the actual fusion process. Therefore, we relied on 
fluorescence microscopy to study fusion of liposomes with fresh human sperm. The occurrence 
of fusion could be readily distinguished from binding as the latter shows a punctate fluorescence 
pattern, whereas diffuse fluorescence is indicative of lipid dilution (cf. Figs. 6b and 6c). 
Fusion of spermatozoa with liposomes is lipid specific in that it depends on acidic 
phospholipids and appears to be governed entirely by spermatozoa! factors, as addition of 
exogenous factors is not required. Similiarly as observed for virus-liposome fusion, spermatozoa 
do not fuse with PC liposomes and, in fact, PC inhibits the fusion reaction (Fig. 3 and table 1). 
Presumably, this inhibiting effect is related to the fact that PC head groups are strongly 
hydrated, thus acting as a potent barrier to membrane fusion [36]. In addition, inclusion of PC 
in the acidic phospholipid bilayer may increase the packing density of the bilayer. An enhanced 
packing density is thought to reduce the ability of polypeptides to penetrate the lipid bilayer 
[36]. 
Analogous to virus fusion, the enhanced fusion activity of spermatozoa with CL vesicles, 
when compared to PS vesicles, could be explained by a less restricted penetration of a 
spermatozoa! polypeptide into the former bilayers, given their lower packing density. This may 
also explain the lower domain specificity of fusion with CL liposomes, especially after enhanced 
exposure of hydrophobic stretches of specific and non-specific proteins upon membrane 
perturbation. Indeed, preliminary experiments showing abolishment of fusion after treatment of 
acrosome-reacted spermatozoa with proteolytic enzymes, suggest the involvement of 
spermatozoa! proteins in the fusion with liposomes (manuscript in preparation). 
Fusion rates for bovine sperm with CL and PS liposomes were strongly pH-dependent (Fig. 
2). Whether this bears physiological relevance, remains to be determined. Analogous to 
structural modulation of some viral fusion proteins [23,24], pH-induced conformational changes 
of polypeptides may lead to the exposure of hydrophobic domains, enabling aggregation and 
induction of fusion. 
Although RET-measurements failed to show differences in fusion activities between liposomes 
md spermatozoa before and after AR-induction, examination with fluorescence microscopy 
revealed different, AR-dependent, labeling patterns. Thawed, bovine spermatozoa, 
:ryopreserved for a long period, fused with CL and PS liposomes before AR-induction. 
[ncorporation of the labeled phospholipid derivative occurred preferentially in the acrosome­
Jverlying PM (Fig. 4a,b). It is relevant to note here that part of the fluorescent sperm was still 
notile. Hence, the PM-associated fluorescence was not representative of immotile, i.e. 
Jotentially inactive sperm. Probably, the fusogeneity was acquired as a result of prolonged 
;torage ( > 5 years). By contrast, before undergoing AR, fresh bovine and human sperm hardly 
�used with liposomes; only a small proportion displayed fluorescence throughout all head and 
ail membranes, which, most likely, resulted from fusion with perturbed membranes. 
A main outcome of the present work is the requirement for AR induction of fresh human and 
>0vine spermatozoa to trigger (domain-specific) fusion with liposomes. Especially after AR 
nduction using zonae pellucidae, the localization of the N-Rh-PE lipid analog was restricted to 
he ES of vital, and occasionally motile, spermatozoa. Never was any type H-fusion observed 
,.-ith these intact membranes. With acrosome-reacted, prolonged cryopreserved bovine 
:permatozoa preferent fusion was observed with the ES, but in this case lipid distribution 
lisplayed a non-specific character as the probe was located throughout all spermatozoa! 
nembrane domains. Freeze-thawing of fresh human spermatozoa without cryoprotectant gave 
.imilar results supporting the suggestion of membrane perturbation as a cause of total lipid 
andomization. Hence these considerations lead to the conclusion that liposomes only fuse with 
resh and intact spermatozoa! membranes after AR induction and that the ES is the primary 
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membrane domain engaged in expressing spermatozoa! fusogenic activity. Based on 
electronmicroscopic observations, it is now commonly accepted that fusion between oolemma 
and spermatozoon starts at the ES [2, 37]. The superior fusogenic susceptibility of the ES is 
thus further corroborated in this work, using a liposomal model system. 
For the adhesion of a mammalian spermatozoon to the oocytal plasma membrane, recent 
evidence suggests the involvement of oocytal proteins, possibly belonging to the integrin family 
[13,25,38]. The subsequent fusion event between the two gametes might be induced by a sperm 
fusion peptide [13,25]. For some invertebrate species it has been suggested that the sperm's 
fusion peptide is activated by the oocytal membrane potential [39,40]. Depolarization of the 
potential after fertilization would then provide a fast block to polyspermy [39]. The involvement 
of the oocytal membrane potential has been questioned for the fusion of mammalian gametes 
[39]. The present results indicate that mammalian spermatozoa rapidly engage in electrostatic 
interactions, as reflected by their interaction with negatively charged liposomal bilayers. In this 
regard, two putative fusion proteins from invertebrate sperm have been shown to induce fusion 
of liposomes only when PS is present in the liposomal bilayer [41,42]. Since the lipid 
composition of oocytes is still unknown, it remains to be established whether such lipids play a 
direct role in the interaction between a mammalian spermatozoon and the oocytal plasma 
membrane. 
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Liposomes, consisting of negatively charged phospholipids interact almost exclusively with the 
equatorial segment (ES) of human spermatozoa, provided the cells have undergone the acrosome 
reaction (AR) (Arts et al., 1993). Using fluorescently tagged liposomes, this interaction can be 
seen with fluorescence microscopy, showing either a diffuse fluorescence in the ES region 
(pattern ESd, presumably reflecting membrane-incorporated lipids as a result of fusion) or a 
punctate fluorescence (pattern ESp, likely representing adhering liposomes). These distribution 
patterns remain unchanged during prolonged incubation, up to 40 min. Not only do these 
observations suggest the existence of fairly specific liposomal binding sites, associated with the 
ES region, but also that a barrier to lipid lateral diffusion seems to exist in the ES membrane. 
Using liposomes that contain fluorescent lipid analogs in either both leaflets or in the inner 
leaflet only, we demonstrate that this putative barrier entails both membrane leaflets. 
Treatment with EDT A caused fluorescence to spread from the ES towards other membrane 
domains. Since only spermatozoa displaying pattern ESd were affected by the chelator, the 
randomization was not caused by EDT A-induced fusion activity. Therefore, this observation 
provides further evidence that in spermatozoa displaying pattern ESd the fluorescent lipid 
analogs were incorporated in the ES membrane as a result of fusion. Furthermore, these 
experiments support the view of the existence of a transmembranous block to lipid lateral 
diffusion in the ES, the stability of which may be governed by divalent cations. 
Introduction 
The mammalian spermatozoon is a highly polarized cell type with respect to both morphology 
and molecular structure. Morphologically, two main features may be distinguished, the head 
and the flagellum. The polarized nature is also expressed at the molecular level. Within the 
head of human sperm, the anterior part of the nucleus is covered by the acrosome. The plasma 
membrane (PM) overlying most of the acrosome is separated from the postacrosomal PM by the 
equatorial segment (ES), which constitutes the equator of the head. The PM consists of domains 
that harbour specific proteins (see for review, Eddy, 1988), while the existence of non­
diffusible lipid fractions has also been suggested (Wolf et al., 1986). 
The regional differentiation of the sperm head becomes even more apparent after the acrosome 
reaction (AR). The AR is an exocytotic process and involves a vesiculation, caused by focal 
point fusion events between the apical part of the PM and the underlying outer part of the 
acrosomal membrane. Most probably, the AR is induced by the zona pellucida, the glycoprotein 
matrix surrounding the oocyte and as a result the (former) inner acrosomal membrane becomes 
exposed to the environment (Yanagimachi, 1988). The ES is left behind as a rigid structure 
formed by remnants of the inner and outer acrosomal membranes and PM. Only after onset of 
the AR, the spermatozoon can penetrate the zona pellucida and acquires the competence to fuse 
with the oocytal membrane. 
Electronmicroscopic evidence suggests that fusion with the oolemma starts at the ES of 
acrosome-reacted spermatozoa (Bedford et al., 1979; Talbot & Chacon, 1982; Yanagimachi, 
1988; Clark & Koehler, 1990). Recently, we have shown that the ES of acrosome-reacted 
human spermatozoa is the sole membrane domain of the head that is involved in sperm­
liposome fusion (Arts et al., 1993). Indeed, fluorescence microscopy indicated that fluorescent 
phospholipid analogues were specifically incorporated in the ES by membrane fusion. In the 
present paper we corroborate and extend our previous observations and demonstrate that lateral 
diffusion of these analogues, subsequent to the fusion event, is restricted to the area, bounded 
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by the ES. The diffusion barriers of the ES display properties similar to those of tight junctions 
of epithelial cells, and where the diffusion block was relieved by calcium depletion (van Meer 
& Simons, 1986). Consequently lipid derivatives diffused throughout all sperm surface 
membranes. However, in contrast to tight junctions, the diffusion barrier existing in the ES 
encompasses both the outer and inner monolayer. 
Materials and methods 
Chemicals 
Phosphatidylserine (PS, bovine brain), N-(lissamine Rhodamine B sulfonyl) 
phosphatidylethanolamine (N-Rh-PE) , N- (7-nitrobenzo-2-oxa-1 , 3-diazole-4-yl)  
phosphatidylethanolamine (N-NBD-PE) and 1-acyl-2-[6-N-(7-nitrobenz-2-oxa-1,3-diazol-4-
yl)amino]hexanoyl]-phosphatidylcholine (C6-NBD-PC) were purchased from Avanti Polar 
Lipids, Inc. Birmingham, AL. Hepes was from Flow Laboratories, Irvine, Scotland. Calcium 
ionophore A23187 and fluorescein isothiocyanate-labeled Pisum sativum agglutinin (PSA-FITC) 
were from Sigma, St. Louis, MO. Bisbenzimide Hoechst 33258 was from Calbiochem, San 
Diego, CA. Percoll was purchased from Pharmacia LKB Biotechnology, Uppsala, Sweden and 
lOx concentrated Earle' s  balanced salt solution from Serva, Heidelberg, FRG. 
Preparation of spermatozoa 
Human ejaculated spermatozoa were obtained from men who were normospermic according to 
WHO criteria (WHO Manual, 1987). Spermatozoa were harvested by using a 70% Percoll 
cushion as described before (Arts et al. , 1993). The spermatozoa were centrifuged at 600 x g 
for 30 minutes, washed once with sperm buffer and suspended in the same buffer to the desired 
concentration. 
Sperm buffer consisted of 2. 7 mM KCl, 0.5 mM MgC12, 0. 7 mM NaH2PO4 , 10 mM Hepes, 
10 mM NaHCO3 , 115 mM NaCl and 0.1 % (w/v) glucose; the pH was adjusted to 7.4 and the 
osmolarity to 285 mOsm. Calcium was omitted to avoid ion-induced fusion of liposomes with 
spermatozoa and liposome-liposome fusion. 
Induction of AR in suspension 
Spermatozoa (108 cells per ml sperm buffer) were preincubated with 5 mM CaC12 for 10 min 
at 37°C. AR was initiated by addition of 10 µM calcium ionophore A23187 from a stock 
solution in dimethylsulfoxide (DMSO), final concentration DMSO 0.5 % (v/v). The AR was 
allowed to proceed for 60 minutes at 37°C. The incubation was stopped by centrifugation for 3 
min at 600 xg followed by a wash with sperm buffer. 
Occasionally, vitality was determined by addition of Hoechst 33258 to a final concentration of 
50 µg/ml. Spermatozoa that showed fluorescent nuclei were considered non-vital. 
Determination of AR 
Acrosome-reacted spermatozoa in suspension were detected with PSA-FITC, which binds to 
acrosomal contents in methanol-permeabilized cells as described by Cross et al. (1986), and 
modified as described before (Arts et al. , 1993). 
Preparation of liposomes 
Large unilamellar vesicles (liposomes) consisting of PS and containing small amounts of 
fluorescent lipid analogs were prepared by reverse phase evaporation (Szoka & 
Papahadjopoulos, 1978; Hoekstra & Diizgiine�, 1986). The vesicles, made in 5 mM sodium 
acetate/5 mM Hepes/140 mM NaCl, pH 7.4, were sized by extrusion through polycarbonate 
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Unipore membranes (pore size 0.1 µm, Bio-Rad). 
For fusion measurements, liposomes were used that contained 0.8 mole % each of the lipid 
analogs N-Rh-PE and N-NBD-PE. 
Symmetrically labeled liposomes for fluorescence microscopy contained either 0.6 mole % N­
Rh-PE or N-NBD-PE. Asymmetrically labeled liposomes were prepared according to McIntyre 
and Sleight (1991). Briefly, symmetrically labeled vesicles containing N-NBD-PE ( 1  ml 2.5 
mM phospholipid) were incubated with 30 mM of the NBD quencher sodium dithionite for 15 
min at room temperature. To remove the sodium dithionite, the vesicles were subsequently 
dialyzed for 16 h at 4 °C against 100 ml sperm buffer with two changes of buffer. Dithionite 
treatment reduces the fluorescence by 50% (for large unilamellar vesicles) or 70% (for small 
unilamellar vesicles), indicating a specific abolishment of NBD fluorescence in the outer leaflet 
and leaving that in the inner leaflet intact (Hoekstra et al. , 1994). 
Fusion measurements 
Non-treated or acrosome-reacted spermatozoa were incubated with the liposomes and fusion 
was measured by monitoring lipid mixing with an assay based on resonance energy transfer 
(RET) or was analyzed by fluorescence microscopy. 
Fi,g. 1. Labeling patterns observed after incubation of spennatozoa with liposomes. 
Spermatozoa were acrosome-reacted with A23187 and incubated for 3 min with PS liposomes 
(0.25 mM phospholipid). After removal of free liposomes the cells were studied by fluorescence 
microscopy. 
a. type H: fluorescence distributed throughout head and tail. 
b. type ESd: diffuse fluorescence in the ES (large arrow), and type 0: no fluorescence 
incorporated in the sperm head (large arrowheads). The picture was obtained using combined 
bright field and incident (rhodamine channel) illumination. 
c. type ESp: punctate fluorescence in the ES only (small arrowhead); in spermatozoa viewed 
from the side the pattern may appear patchy due to accumulation of fluorescence from different 
focal planes (small arrow). Bar = 5 µm. 
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will be transferred to N-Rh-PE and NBD-fluorescence will be almost negligible. Upon fusion 
with a non-labeled membrane the probes will be diluted, resulting in a decrease in energy 
RET assay. With this assay fusion is followed by monitoring lipid mixing (Struck et al., 1981). 
The liposomes contain 0.8 mole % each of the fluorescent phospholipid analogues N-Rh-PE and 
N-NBD-PE. At these probe concentrations photons emitted by the excited N-NBD-PE 
transfer efficiency and hence an increase in NBD-fluorescence. 
NBD-fluorescence was measured with a Perkin-Elmer MPF 43 spectrofluorometer at 
excitation and emission wavelengths of 465 nm and 530 nm, respectively. The temperature was 
maintained at 37°C with a thermostated cuvette holder, equipped with a magnetic stirring 
device. The final incubation volume was 2 ml. 
For lipid dilution measurements in the absence of free liposomes, 50. 106 spermatozoa in 
sperm buffer were mixed with the liposomes ( 100 nmol lipid), immediately layered on top of 
35% Percoll and centrifuged for 3 min at 600 x g. After washing once, the cells were incubated 
in sperm buffer and the fluorescence scale was set to 0 %. Lipid dilution was initiated by 
addition of EDTA. At the end of the reaction, 1 % (v/v) Triton X-100 was added to determine 
100% fluorescence (infinite dilution). Corrections were made for sample dilution and for effects 
of the detergent on the quantum yield of NBD. The resulting value was taken to represent the 
fraction liposomes associated with the spermatozoa. To determine the maximal fluorescence 
level of the initially added liposomes, the vesicles ( 100 nmol phospholipid) were disrupted in 
1 % (v/v) Triton X-100 in a volume of 2 ml and corrected as described above. 
Fluorescence microscopy. Samples were prepared by mixing 10 µl of a liposome suspension 
(20 nmol phospholipid and labeled with 0.6 mol % N-Rh-PE) and 100 µl of a spermatozoa 
preparation ( 108/ml) at room temperature. Loosely associated liposomes were immediately 
removed by centrifugation for 3 min at 600 x g. Fusion was studied by fluorescence microscopy 
in a Leitz Dialux microscope using incident illumination. At least 100 spermatozoa were 
counted. 
The labeling patterns observed with human sperm were placed into the following categories : 
� (Fig. l a) :  diffuse fluorescence throughout the head, often including midpiece and (parts 
of) the tail; 
type ESd (Fig. lb) :  a continuous fluorescent band located at the middle of the head and 
considered to be the ES. 
�pe ESp (Fig. le) :  punctate fluorescence in the ES region, reflecting attached liposomes, 
without a significant occurrence of fusion as indicated by a lack of ES-incorporated N-Rh-PE. 
� (Fig. lb) :  absence of sperm-incorporated fluorescence. Spermatozoa with associated 
liposomes that could not be specifically defined as liposomal attachment to the ES-region were 
also counted in this category. 
Zonae pellucida 
Zonae pellucidae were obtained from fertilized and cleaved human oocytes that were not 
transferred in the in vitro fertilization program. The embryos were washed through several 
drops of phosphate buffered saline and frozen at -60 °C without any cryoprotectant. After 
thawing the embryos had completely collapsed, whereas the zonae remained virtually intact. 
The remaining zonae were washed thrice by pipetting in Biggers, Whitten and Whittingham 
(BWW) medium (Biggers et al., 1971), supplemented with 10 % pooled serum from pregnant 
women (Zeilmaker et al., 1986). 
Induction of AR by zonae pellucidae 
Spermatozoa were centrifuged over 70 % Percoll, washed twice via centrifugation with 
BWW/serum and were suspended at a concentration of 5- 10 x 1Q6 motile sperm per ml. To 
induce capacitation, the suspensions were incubated for 18 hours at 37°C in test tubes. Fifty µl 
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of the capacitated spermatozoa in BWW/serum were coincubated with 5-10 zonae in a plastic 
dish under mineral oil at 37°C. After 6 hours the zonae were washed in sperm buffer 
containing 1 % bovine serum albumin (BSA) to remove calcium ions, serum and non-bound 
spermatozoa. The zonae were finally resuspended in 50 µl sperm buffer containing 1 % BSA. 
To this mixture 5 µl liposomes (final concentration 0.25 mM phospholipid) were added and 
fusion was allowed to proceed for 15 min at room temperature. After washing 3 times with 
sperm buffer containing 1 % BSA, the zonae were incubated with 30 mM EDTA (prepared by 
diluting a 0.1 M stock solution in distilled water , and set to 300 mOsm, with sperm buffer) or 
an equal volume of sperm buffer (control) for 20 min at room temperature. The zonae were 
washed twice with sperm buffer containing 1 % BSA, followed by a final wash step with the 
same buffer containing 50 µg/ml Hoechst 33258. The bound sperm were scored for labeling 
patterns and supravitality, as described above. 
Estimation of the human sperm surface area 
For quantification of the lipid mixing, occurring after fusion of liposomes with the ES and 
subsequent lateral diffusion throughout the cell, we determined the total sperm plasma 
membrane surface. Since the human sperm head is oval when flat-lying, but chisel-shaped when 
viewed from the side, it is difficult to set up an accurate equation for the calculation of the 
surface. Therefore, we only made a rough estimation of the total surface of the head by 
doubling the surface area, determined for the projected area (van Duijn, 1975). Thus a value of 
21 µm2 was calculated. The midpiece was assumed to be a cylinder with a length of 4.5 µm and 
a diameter of 1 µm (van Duijn, 1975; Cummins & Woodall, 1985), giving a surface area of 14 
µm2 • From the known volumes of the principal piece and endpiece of the tail (van Duijn, 1975) 
3.JJd the length of both domains (45 and 5 µm, respectively; Flechon & Hafez, 1977), a total 
area of approximately 100 µm2 was estimated, assuming both to be cylinders. The total 
membrane surface of the human spermatozoon was therefore estimated to be approximately 135 
µm2. 
The ES was taken as a ellipsoid encompassing the head at its broadest and thickest part (width 
3.2 µm, diameter 2 µm; van Duijn, 1975) and 1 µm height (as estimated from electron 
micrographs). With these estimates a surface of approximately 8 µm2 for the PM-derived part of 
the ES can be calculated. Taking into account the hairpin structure of the ES after AR, this 
value may be doubled or tripled, when the outer and inner acrosomal membrane-derived parts, 
respectively, are included. 
Statistical analysis 
Data were analyzed using the Wilcoxon matched-pairs signed-rank test (Wilcoxon, 1947). 
Results 
Fluorescent lipid analogs fail to diffuse beyond the boundaries of the ES 
Liposomes consisting of the negatively charged phospholipid PS, and containing 0.6 mole % 
of the fluorescent analog N-Rh-PE, interact with the ES of spermatozoa only after AR (Arts et 
al., 1993). To study the ultimate fate of membrane-incorporated N-Rh-PE, we induced the AR 
with calcium ionophore A23187 and coincubated spermatozoa and liposomes for a prolonged 
period (Fig. 2). Within 4 min after addition of the liposomes, 10-15 % of the sperm displayed 
fluorescence throughout the head (type H, see Fig. l a). Approximately 50% of the spermatozoa 
interacted with the liposomes at the ES (types ESd and ESp), which corresponds fairly well 
with the number of acrosome-reacted cells containing PSA-binding factor in the ES region as 
determined with the AR assay. Based on diffuse fluorescence in the ES region, more than half 
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Fi.g. 2. Prolonged coincubati.on of spenn and PS liposomes has no effect on fluorescence 
localimtion. 
Acrosome-reacted sperm (with A23187) were incubated with PS liposomes (0. 25 mM lipid) at 
room temperature. At the indicated times non-associated liposomes were removed by washing 
and the patterns were scored as described in Fig. 1. At least JOO spermatozoa were counted. 
Open bars, 3 min; horizontally hatched bars, 15 min; hatched bars, 30 min; filled bars, 45 min. 
Paired data for the different sampling times within each labeling pattern were analyzed with the 
Wilcoxon matched-pairs signed rank test and found not to be significantly different (P > 0. 05). 
of this fraction had fused with the liposomes (type ESd, Fig. 2). No change in the distribution 
of these patterns occurred when the incubation was extended to 45 min. Assuming that N-Rh­
PE indeed was incorporated in the ES membrane, the lipid analog was apparently restricted in 
its mobility within the boundaries of this membrane domain. The same observations were made 
when N-Rh-PE was substituted for a lipid analog which has an NBD-group attached to the 
ethanolamine head group (N-NBD-PE) (not shown). 
A transbilayer lipid diffusion barrier is present in the ES 
Provided that the lipid(s) are properly intercalated in the lipid phase of the sperm acceptor 
membrane, the above results suggest the existence of junctions preventing lateral diffusion to 
membrane domains other than the ES. Moreover, since the fluorescent lipid analogs are 
symmetrically distributed over the liposomal membranes (i. e. present in both inner and outer 
membrane leaflet), and when it is assumed that the topology is maintained upon fusion, the 
barrier must exist in both outer and inner leaflet. To show that a barrier was indeed present in 
the inner leaflet, we fused the acrosome-reacted spermatozoa with PS liposomes, asymmetrically 
labeled with N-NBD-PE. The latter vesicles were prepared by treating symmetrically labeled 
vesicles with sodium dithionite, which irreversibly destroys NBD fluorescence (see Materials 
and Methods). As with symmetrically labeled liposomes, fusion with asymmetrically labeled 
vesicles resulted in fluorescence that was restricted to the ES (cf. Fig. l b). 
Unfortunately, no lipid dilution could be detected using the RET assay, perhaps because of 
excessive crowding (see below) of molecules within the ES domain, giving rise to inefficient 
relief of RET, or due to other yet unknown causes. These considerations prompted us therefore 
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Table 1: Effect of EDTA on fluorescence localization of spermatozoa in suspension. 
Spermatozoa were either •acrosome-reacted with calcium ionophore A23187 or bincubated with 0.5 % DMSO (v/v) for 1 
hour . After washing, the spermatozoa were incubated with cps liposomes (0.25 mM lipid) for 3 min, dps liposomes 
followed by a wash step and incubation in 10 mM EDTA for 10 min, csimultaneously PS liposomes and 10 mM EDTA for 
3 min or r10 mM EDT A for 10 min, followed by a wash step and incubation with PS liposomes. Before determination of 
the labeling patterns, a final wash step was performed . Results are means + standard deviation (SD) of 5 different 
experiments. 
incubations type H type ESd type ESp type o 
% ( SD) % ( SD) % ( SD) % ( SD) 
acrosome-reacteda p5C 15 . 7 ( 6 . 2 )  2 9 . 7 ( 12 . 7 ) 17 . 6 ( 4 . 2 )  3 7 . 0 ( 11 . 0 ) 
spermatozoa PS , wash , EDTAd 4 5 . 2 ( 17 . 4 ) 5 . 6 ( 4 . 4 ) 15 . 6 ( 9 . 1 ) 3 5 . 6 ( 11 . 2 ) 
PS + EDTAe 3 1 . 7 ( 11 . 6 ) 15 . 0 ( 3 .  3 )  19 . 7 ( 14 . 9 ) 3 3 . 6 ( 15 . 3 ) 
EDTA, wash , psf 8 . 5 ( 5 . 8 ) 10 . 5 ( 5 . 3 )  3 4 . 2 ( 8 . 3 ) 4 6 . 8 ( 11 . 2 ) 
non-treatedb psc 16  7 ( 6 . 5 ) 0 ( 0 )  0 ( 0 )  8 3 . 3 ( 6 . 5 )  
spermatozoa PS + EDTAe 2 0 . 3 ( 11 . 5 ) 0 ( 0 )  0 ( 0 )  7 9 . 7 ( 11 . 5 ) 
to examine the ability to eliminate the possible lipid diffusion barriers, arguing that free lateral 
diffusion would indicate both the existence of these barriers and the proper incorporation of N­
Rh-PE, as reflected by lateral mobility. 
Relieving the block to free lateral diffusion 
Initial efforts were aimed at removing the lipid diffusion barriers by protease treatment. After 
AR induction with calcium ionophore A23187 and fusion with liposomes, subsequent incubation 
of the cells with pronase for 1 hour had no effect on N-Rh-PE localization (table 1). However, 
addition of 10 mM EDTA resulted in a 2-3 fold enhancement of the proportion of cells, 
showing fluorescence spread over the entire head (type H). The same results were obtained 
when asymmetrically labeled liposomes were used, containing N-NBD-PE in the inner leaflet 
(not shown). 
The distinct shift in fluorescence distribution from ESd to an H-type (table 1) suggested that 
the fluorescence emanated from the ES and was, after treatment of the spermatozoon with 
EDTA, free to diffuse towards all other membrane domains. The more random redistribution of 
fluorescence was not the result of an induction of fusogenic activity by the chelator, since the 
proportion of spermatozoa containing only associated liposomes (type ESp) remained 
unchanged. Furthermore, non-acrosome-reacted spermatozoa did not fuse with PS liposomes, 
nor was this the case when these cells were simultaneously incubated with liposomes and EDTA 
(table 1). 
Pretreatment of acrosome-reacted spermatozoa with EDT A for 10 min before addition of 
liposomes, inhibited the fusogenic activity of the ES. However, some characteristics of the ES 
structure were maintained, since preferent association of liposomes to the ES region still 
occurred (table 1). Simultaneous incubation of the cells with PS liposomes and EDTA had no 
effect on the proportion of spermatozoa with incorporated N-Rh-PE (types H + ESd), 
indicating that the fusion event is rapid, as already reflected by the time course (Fig. 2), and 
faster than the inhibition of fusogenic activity by the chelator. 
The above observations were done on spermatozoa after AR induction with ionophore in 
suspension. Although these sperm are non-vital, the ES retains its specific properties seen for 
vital acrosome-reacted sperm, including its fusogenic activity, as shown previously (Arts et al. , 
1993). To determine the site of action of EDTA, we also examined the effect of EDTA 
treatment on the ES boundaries of vital (and non-permeable) acrosome-reacted spermatozoa, 
produced on the surface of human zonae pellucidae. With such cells, and before EDTA 
addition, it was observed that the liposomes only interacted with the ES (Fig. 3a, table 2). 
Subsequent treatment with EDTA resulted in migration of the fluorescent lipid analogues 
towards all membrane domains, head as well as tail (Fig. 3b, table 2). The efficiency of the 
EDTA treatment was limited, but, commonly, random distribution of the N-Rh-PE was seen in 
10-25 % of the acrosome-reacted sperm (defined as those sperm showing interaction with the 
liposomes, table 2). 
In contrast to the experiments in suspension, EDTA did not exert an immediate effect after 
zona pellucida triggered AR. Coincubation of cells and chelator for at least 20 min was 
necessary. Furthermore, a final concentration of 30 mM EDTA or higher was needed 
(osmolarity was kept at 290 mOsm) to achieve an effect. All spermatozoa showing 
randomization of the N-Rh-PE were also sensitive towards the nuclear stain Hoechst 33258, 
which is indicative of permeable membranes. The dye was excluded from spermatozoa showing 
ES-restricted fusion, and which did not respond to EDTA treatment. 
Quantitation of lipid mixing after EDT A treatment 
The lateral diffusion of lipids after EDTA treatment allowed a determination of lipid mixing 
using an assay based on RET (Fig. 4). As noted above, addition of acrosome-reacted 
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Table 2. Effect of EDTA on fluorescence localization using zona pellucida-induced acrosome-reacted spermatozoa. 
Capacitated spermatozoa were coincubated with human zonae pellucidae for 6 hours. After removing non-bound sperm by washing, the 
zonae (with firmly bound sperm) were incubated for 15 min with PS liposomes (0.25 mM). After washing the zonae were incubated 20 
min with buffer (control) or 30 mM EDTA. The results of four independent experiments are presented. 
% acrosome- % acrosome- % acrosome-
number bound sperm reacted sperm reacted sperm reacted sperm 
exp EDTA of zonae per zona %AR/ zona with type H with type ESd with type ESp 
1 - 7 7 9 . 0  2 8 . 6  0 100  0 
+ 8 2 8 . 4  55 . 6  2 0 . 0  8 0 . 0  0 
2 - 6 7 4 . 5  3 1 .  0 0 100  0 
+ 8 4 1 . 6  52 . 9  15 . 8  84 . 2  0 
3 - 7 2 2 . 9  13 . 3  0 85 . 7  14 . 3  
+ 10  16 . 5  2 4 . 2  2 3 . 3  14 . 4  62 . 2  
4 - 16  3 2 . 8  2 7 . 6  0 4 7 . 1  52 . 9  
+ 8 2 8 ._1_ 2 3 . 3  10 . 2_ 8 . 8  8 1 . 0  
spermatozoa to PS liposomes did not result in a measurable relief of energy transfer. After 
removal of free liposomes by washing, 10 mM EDTA was added, which resulted in an increase 
in NBD fluorescence of 10% .  By comparing fluorescence levels of liposomes and liposome-cell 
complexes after addition of Triton X-100, it can be estimated that 15 % of the initially added 
liposomes associated with the spermatozoa. 
Thus, assuming a total relief of RET, in this approach about 1.5 % of the initially present 
liposomes ( = 1.4 nmol lipid) were involved in lateral diffusion. As determined by fluorescence 
microscopy, the number of spermatozoa involved is about 40% ( = 20. 106 cells). Per 
spermatozoon 4.5.107 lipid molecules are then eventually introduced via fusion, representing a 
total area of 26 µm2, when assuming that one lipid molecule covers a surface area of 
approximately 0.6 nm2 (Schieren et al. , 1978). Therefore, the fluorescent lipid probes dilute 
over a surface area of 135 µm2 (total sperm surface), which is about a seven-fold dilution of the 
labeled area. Therefore, a maximal relief of RET of 100% x 6/7 = 84% may be obtained, 
which agrees fairly well with the initial assumption of total relief of energy transfer per fusion 
event. Thus, it may be estimated that approximately 30 µm2 liposomal membrane will fuse with 
the ES of one spermatozoon. 
Discussion 
In the present work, we have provided evidence for the existence of lipid diffusion barriers in 
ES membranes of acrosome-reacted human spermatozoa. 
PS liposomes, containing fluorescent phospholipid derivatives, largely attach to and probably 
fuse almost exclusively with the ES of spermatozoa, provided that the cells have undergone the 
AR (Arts et al. ,  1993). Here we have shown that the fluorescent lipids are maintained within 
the boundaries of this membrane domain for at least 45 min (Fig. 2). The restricted lateral 
diffusion was not an artefact due to an artificially-triggered AR, since also vital sperm, 
acrosome-reacted by the zona pellucida, displayed an ES-restricted association of fluorescence. 
Addition of the divalent cation chelator EDT A caused randomization of the fluorescent lipid 
analogs throughout the head and tail membranes, which could also be measured by a lipid 
mixing assay. The results in table I indicate that all redistributed fluorescence originated from 
the spermatozoa displaying diffuse fluorescence in the ES (type ESd) before EDT A addition. 
Previously, we have provided evidence that the ESd labeling pattern reflected those acrosome­
reacted spermatozoa that had actually fused with the liposomes (Arts et al. ,  1993). The 
redistribution of fluorescence, initially restricted to the ES, throughout the cells was not due to 
initiation of ensueing fusion events by EDTA, since the fluorescence appearance of sperm 
containing only attached liposomes (type ESp) was not affected and non-acrosome-reacted sperm 
never fused with liposomes in the presence of the chelator. Therefore, the fluorescent analogs 
must have been introduced in the ES membrane by fusion, prior to treatment with EDTA. 
These incorporated lipids are limited in their mobility by diffusion blocks at the borders of the 
ES, which can be relieved by the action of EDTA. Previously, we have shown that random 
distribution of fluorescent lipid analogs also occurred when frozen-thawed spermatozoa were 
incubated with liposomes (Arts et al., 1993), which might be the result of non-specific fusion 
events with perturbed membranes. However, the outcome of this experiment can also be 
explained by lipid redistribution from the ES, whose diffusion blocks are eliminated by the 
freeze-thawing treatment. 
The extensive lipid redistribution occurring after disrupting the ES barrier was also reflected 
in a relief of energy transfer between the fluorescent lipid probes N-NBD-PE and N-Rh-PE. 
However, as noted before (Arts et al . ,  1993), no relief of RET can be measured when 
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Fi,g. 4. Lipid mixing is induced by addition of EDTA. 
Acrosome-reacted spermatozoa (50xl(//2 ml sperm buffer) were incubated with PS liposomes 
containing 0. 8 moll% of both N-Rh-PE and N-NBD-PE (amount of phospholipid added: JOO 
nmol). Immediately after addition of the liposomes, the cells were centrifuged over a Percol l  
gradient, washed once, and suspended in 1.9 ml sperm buffer in a cuvette. After injection of 
EDTA (100 µl of a 0. 1 M isotonic solution, arrow) into the mixture an increase in NBD 
fluorescence reaching was observed. Total cell-bound fluorescence was determined by addition 
of 1 % (vlv) Triton X-100 after termination of the lipid mixing event. Maximum fluorescence of 
the initially added liposomes was determined by disruption of the vesicles (] 00 nmol/2 ml) with 
Triton X-100. 
Fi,g. 3. Redistribution of N-Rh-PE after EDTA treatment of zona pellucida-induced acrosome­
reacted spennatozoa. 
Induction of AR by zonae pellucidae was carried out as described in table 2. 
a. Sperm bound to a zona pellucida only interact with liposomes at the ES after AR (pattern 
ESd). Note the typical bar-like structure. Bar = 25 µm. 
b. Fluorescence is seen in other membrane domains of part of the spermatozoa (arrowheads) 
after incubation with EDTA. 
c. As b. , but at higher magnification. Acrosome-reacted spermatozoa that are not affected by 
the EDTA treatment are indicated by arrows,· in the spermatozoa indicated by arrowheads, 
fluorescence is localized throughout heads and tails, but most extensive in the ES. Bar = JO 
µm. 
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distribution is limited to the ES region. As shown here, this inability probably stems from the 
fact that in conjunction with the extent of fusion, the ES area available for dilution of the probes 
in the initial fusion event, is too small to provide sufficient NBD fluorescent signal, arising 
upon dilution. For the initial fusion event it was calculated that 30 µm2 liposomal surface would 
fuse with 8 µm2 ES-surface, or, when taking into account the hairpin-like structure of this 
domain, an area of about 16 µm2 • Furthermore, liposomes that are bound to the ES might 
participate in additional quenching of fluorescence of incorporated N-NBD-PE. However, 
neither can it be excluded that as yet unknown quenchers in the ES domain artificially diminish 
NBD fluorescence. 
The data in table 1 indicate that, to some extent, EDT A affects the fusion capacity of the ES 
by disrupting the lipid diffusion barriers. This suggests an involvement of lipids, arranged in a 
specific concentration or configuration, in the fusion activity of the ES. The effect of EDTA on 
the fusion capacity appears to be a slower process than the initial fusion events and subsequent 
diffusion of the lipids. The attachment of liposomes to the ES is not affected by the presence of 
EDT A, suggesting that different sperm factors may be involved in the fusion and attachment 
function of the ES. Alternatively, both functions may be harboured by the same protein, but in 
distinct domains or subunits. In this respect, a putative fusion peptide and an integrin-binding 
domain have been reported to be located on different subunits of the guinea pig sperm protein 
PH-30 (Blobel et al. , 1992). 
Barriers to lipid lateral diffusion have been reported for other polarized cell types. In 
epithelial cells the basolateral and apical membrane domains are separated by tight junctions, 
which have been shown to prevent lipid diffusion in the exoplasmic, but not the cytoplasmic 
leaflet of the plasma membrane (van Meer & Simons, 1986). Using asymmetrically labeled 
liposomes fluorescent lipid derivatives can be incorporated in the exoplasmic leaflet of the 
apical membrane domain. Redistribution of these probes to the basolateral domain occurs when 
the tight junctions are opened by incubation in a Ca2+-free medium. This is very reminiscent of 
the present observation that incorporated N-Rh-PE (and other fluorescent analogs) randomized 
through the spermatozoa! membranes after depletion of divalent cations by EDTA. A very 
prominent and interesting distinction is that in the spermatozoa! system the lipid diffusion 
barrier seems to be located in both membrane leaflets, since using symmetrically labeled 
liposomes N-Rh-PE is expected to be introduced in both leaflets of the ES membrane. Indeed, 
cells incubated with liposomes containing N-NBD-PE in the inner leaflet only, i.e. in which the 
fluorescence of the outer leaflet had been quenched by dithionite, showed the same fluorescence 
appearance as cells, incubated with symmetrically labeled liposomes. 
A bilayer spanning diffusion barrier has been reported to exist in polarized neurons 
(Kobayashi et al, 1992). Lipids introduced in the axon failed to diffuse to the cell body. In these 
cells the necessity for a physical barrier has been doubted by arguing that the lipid diffusion 
coefficients would be insufficient to cover the large distances between axon and cell body within 
the time of observation (Futerman et al. , 1993). However, we have shown here that, in 
principal, such barriers may exist, since relieving the diffusion blocks with EDT A resulted in a 
redistribution of the fluorescent lipids, even to the endpiece of the tail, i.e. over a distance of 
some 50 µm. 
As yet, the nature of these efficient diffusion barriers in the ES structure is unclear and 
several mechanisms may be proposed for their maintenance. 
EDTA may affect the cell surface, possibly by perturbing surface proteins such as lipid­
binding proteins (Lingwood, 1986; Jones & Hall, 1991) or fibronectin (Glander et al. , 1987). 
Yet, spermatozoa which had been acrosome-reacted on zonae pellucidae, had to be incubated 
for a prolonged period with EDTA to achieve the redistribution of fluorescence. At the same 
time, those cells that were affected by the chelator were also permeable to the nuclear stain 
Hoechst 33258. Hence it is possible that the action of EDT A is not solely restricted to the cell 
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surface. 
Furthermore, it has also been noted that in ram sperm plasma membranes non-diffusing lipid 
fractions exist, which are preserved upon lipid extraction (Wolf et al. , 1988). Therefore, it was 
proposed that these domains might be maintained by lipid factors, such as plasmalogens or 
sperm-specific glycolipids, like the sulfatoxygalactosylglycerolipid (seminolipid). In this respect, 
an antibody against seminolipid revealed a specific localization in the ES (Lingwood, 1986), 
although no data are available for its localization in acrosome-reacted spermatozoa. The 
seminolipid may be desulfated prior to AR induction, which may promote the formation of the 
hexagonal II phase of the phospholipid membrane (Gadella et al. , 1993). Whether this phase 
separation can affect the free lateral mobility of membrane components remains to be 
established. 
The existence of transmembrane protein barriers has also been proposed. By electron 
microscopy it is seen that in several mammalian species a serrated band is encircling the sperm 
head at the posterior margin of the ES (see for review: Eddy, 1988). Furthermore, it has been 
proposed that the inner acrosomal membrane is associated to a scaffolding network which may 
be transmembranous in the ES (Huang & Yanagimachi, 1985) thus accounting for the observed 
diffusion barrier as described in the present work. 
It is finally of interest to note that annexins, which may be involved in the membrane 
attachment of cytoskeletal elements (see for review: Creutz, 1992) , have been reported to be 
specifically present in the ES of human spermatozoa (Berruti , 1988; Feinberg et al., 1991). 
Since this class of proteins are well known to require Ca2+ for their functioning (Creutz, 1992), 
their participation in the maintenance of a fusogenic ES is worth investigating. 
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Artificial membranes (liposomes) can interact with the equatorial segment (ES) of human 
spermatozoa, provided that the acrosome reaction has occurred (Arts et al., Eur. J. Biochem. 
217 (1993), 1001-1009). Using fluorescently labeled liposomes this interaction can be seen as 
either punctate fluorescence in the ES (lip-ESp), reflecting only bound liposomes, or as diffuse 
fluorescence in this region (lip-ESd), indicating that the liposomes have fused with the ES 
membrane. Only equatorial segments that still contain constituents of the acrosomal matrix had 
the capacity to bind liposomes and eventually to fuse with them. Such equatorial segments only 
result from AR induction under physiological conditions (e.g. by zonae pellucidae). Therefore, 
liposomes can be used for the rapid detection of acrosome-reacted spermatozoa. 
The lip-ESp and lip-ESd patterns were shown to be two different appearances of the ES. 
Proteolytic treatment after AR completely inhibited the formation of a lip-ESd pattern, but did 
not result in larger proportions of the lip-ESp pattern. The lip-ESp pattern was only marginally 
inhibited by the proteolytic treatment. The same results were obtained using antisperm 
antibodies which did not react with acrosome-intact spermatozoa. Proteolytic treatment of 
spermatozoa prior to AR induction had no effect on the fusion capacity of the ES after 
subsequent AR, which implies that the putative fusion protein is not accessible before AR. 
Thus, fusion of liposomes with the ES of human spermatozoa is mediated by a sperm 
protein(s), and the lip-ESp pattern does not likely represent the liposome binding stage that 
precedes the fusion step. The existence of two distinct appearances of the ES of human 
spermatozoa may have clinical significance in discriminating between fusion-active and inactive 
spermatozoa. 
Introduction 
The molecular basis of the fusion between the mammalian spermatozoon and oocyte is still 
largely unresolved. Much more is known about the preceding events occurring in the sperm 
head which are required to gain fusion competence. 
After binding to the zona pellucida, the egg's extracellular glycoprotein coat, the acrosome 
reaction (AR) is induced in the spermatozoa. During AR multiple focal point fusion events 
between the outer acrosomal membrane and the overlying plasma membrane cause a 
vesiculation resulting in a release of the lytic enzyme content of the acrosome, which probably 
facilitates the penetration of the zona pellucida (Wassarman, 1987,1992; Yanagimachi, 1988). 
During AR the equatorial segment (ES) of the acrosome is left behind, and the plasma 
membrane of this domain is joined to the remaining part of the outer acrosomal membrane, 
forming a continuous membrane with a hairpin-like structure (Eddy, 1988). In this structure 
remnants of the acrosomal contents are maintained, such as binding factors for Pisum sativum 
agglutinin- and soy bean trypsin inhibitor (Arts et al, chapter 4). In human sperm the ES 
encircles the equator of the head. After penetrating the zona pellucida, the spermatozoon binds 
to the oocyte plasma membrane (oolemma) and subsequently fusion between the two gametes 
may occur. 
In electron microscopic studies, the ES has been reported to be the region where fusion is 
initiated (Bedford et al., 1979; Talbot & Chacon, 1982; Yanagimachi, 1988; Clark & Koehler, 
1990). Since only acrosome-reacted sperm can fuse with the oolemma, the ES apparently 
acquires its fusion competence during AR. Recently, we showed that, after AR induction, the 
ES was indeed the only domain involved in the interaction with artificial membranes 
1 10 
(liposomes) (Arts et al., 1993). Additionally, we showed that liposomal lipids are incorporated 
in the ES membrane by fusion and maintained within the margins of this domain by diffusion 
barriers (Arts et al., chapter 6). Not much is known about the acquisition of fusion competence 
of the ES during AR. The involvement of a protein that was activated by a metalloendoprotease 
during AR, in case of the interaction of human spermatozoa and zona-free hamster oocytes, has 
been reported (Dfaz-Perez et al., 1988; Dfaz-Perez & Meizel, 1992). Inhibition of 
metalloendoprotease activity by phosphoramidon resulted in partial inhibition of fusion activity. 
Current knowledge concerning biological membrane fusion has, in particular, been derived 
from studies on virus-host cell fusion (Hoekstra, 1990; White, 1990). Binding of the virus 
envelope to the target membrane and the subsequent merging of the two bilayers require the 
participation of unique viral proteins. A similar protein-dependent mechanism may also apply to 
sperm-egg fusion. Indeed, the involvement of specific proteins in the fusion of mammalian 
spermatozoa has been proposed (Saling et al., 1985; Primakoff et al., 1987; Okabe et al., 1990; 
Rochwerger and Cuasnicu, 1992). Interestingly, the guinea pig sperm PH30 protein has been 
shown to contain an amino acid sequence with features similar to those of a viral fusion peptide 
(Blobel et al., 1992). However, at present no direct evidence is available that these proteins 
indeed have fusion inducing capacity. 
Identification of sperm factors responsible for the fusion capacity of the ES is complicated by 
the presence of egg factors in systems that contain both gametes. Although egg factors are 
definitely involved in binding of spermatozoa (Bronson & Fusi, 1992; Boldt et al., 1988, 1989; 
Blobel et al. ,  1992) and may be of importance for the species specificity of the process, 
previous work revealed that sperm factors per se <suffice to accomplish fusion with artificial 
membranes (Arts et al., 1993). In the present work, the involvement of sperm factors in the 
interaction between ES and liposomes is further defined. The results demonstrate the existence 
of two distinct appearances of the ES, which may have clinical significance in discriminating 
between fusion-active and inactive spermatozoa. It could be established that the presence of 
remaining acrosomal constituents in the ES region after AR reflects the ability of this membrane 
domain to interact with liposomes. Furthermore, the present work indicates the involvement of 
proteins in sperm-liposome interaction. These proteins expose fusogenic sites only after 
activation during AR. 
Materials and methods 
Chemicals 
Pisum sativum agglutinin (PSA), fluorescein isothiocyanate-conjugated PSA (PSA-FITC), soy 
bean trypsin inhibitor (SBTI) (crude fraction), calcium ionophore A23187, phosphoramidon, 
pronase (S. griseus protease XIII) , and anti-biotin antibodies were obtained from Sigma, St. 
Louis, Mo. Phosphatidylserine (PS, bovine brain) and N-(lissamine Rhodamine B 
sulfonyl)phospatidylethanolamine (N-Rh-PE) were purchased form Avanti Polar Lipids, 
Birmingham, Al. Sulfosuccinimidyl 6-(biotinamido) hexanoate (NHS-LC-biotin), avidin, 
streptavidin, and avidin-Texas Red were from Pierce, Rockford, 11. 
Preparation of spermatozoa 
Human ejaculated spermatozoa were obtained from normal donors or patients who were 
normospermic. Spermatozoa were harvested by using a 70% Percoll cushion as described before 
(Arts et al., 1993). The spermatozoa were centrifuged at 600 x g for 30 minutes, washed once 
with sperm buffer and suspended in the same buffer to the desired concentration. 
Sperm buffer consisted of 2.7 mM KCl, 0.5 mM MgC12, 0.7 mM NaH2PO4 , 10 mM Hepes, 
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10 mM NaHCO3 , 115 mM NaCl and 0.1 % (w/v) glucose; the pH was adjusted to 7.4 and the 
osmolarity to 285 mOsm. Calcium was omitted to avoid ion-induced fusion of liposomes with 
spermatozoa and liposome-liposome fusion. 
Induction of AR in suspension 
Spermatozoa ( 108 cells per ml sperm buffer) were preincubated with 5 mM CaC12 for 10 min 
at 37°C. AR was initiated by addition of calcium ionophore A23187 from a 2 mM stock 
solution in dimethylsulfoxide (DMSO) to a final concentration of 10 µM. The AR was allowed 
to proceed for 60 minutes at 37°C. The incubation was stopped by centrifugation for 3 min at 
600 x g followed by a wash with sperm buffer. 
Determination of AR 
Acrosome-reacted spermatozoa in suspension were detected either with PSA-FITC or SBTI­
biotin. 
PSA-FITC. This fluorescent lectin conjugate detects acrosomal contents in methanol­
permeabilized cells. Incubation was performed according to Cross et al. (1986), with the 
modifications as described before (Arts et al., 1993). 
At least 100 spermatozoa were scored for FITC-fluorescence. The labeling patterns were 
classified according to Cross et al. (1986): 
PSA-A 1 : fluorescence located in the acrosomal region. 
PSA-A2: fluorescence located in a clearly damaged acrosome. 
PSA-ES: fluorescence confined to ES. 
PSA-0: absence of detectable fluorescence. 
Since the cells are permeabilized by the methanol and the acrosomal contents precipitated, type 
PSA-A1 is indicative of sperm with intact acrosomes. Pattern PSA-ES probably reflects 
acrosome-reacted spermatozoa after mild AR, whereas pattern PSA-0 might represent a 
degenerate form of AR (Cross et al. , 1986; Arts et al. , chapter 4). 
SBTI-biot. Biotinylated SBTI was prepared as described before (Arts et al. , chapter 4). 
Untreated spermatozoa were incubated with 2 mg/ml biotinylated SBTI for 30 min at room 
temperature in sperm buffer. After washing once the sperm were incubated 15 min with 0.25 
mg avidin-Texas Red in sperm buffer. The suspension was washed and examined by 
fluorescence microscopy. 
The labeling patterns of the head were classified as follows: 
SBTI-H: fluorescence distributed all over the head. 
SBTI-A: labeling confined to the apical part of the head. 
SBTI-ES: fluorescence confined to the equatorial segment. 
SBTI-0: no fluorescence detected on the head. 
In the experiments described below we always counted 100 spermatozoa for the presence of 
these labeling patterns. 
Preparation of liposomes 
Large unilamellar vesicles consisting of PS and containing 0.6 mole% each of the indicated 
fluorescent lipid analogs were prepared by reverse phase evaporation (Szoka & 
Papahadjopoulos, 1978; Hoekstra & Diizgiine�, 1986). The vesicles, made in 5 mM sodium 
acetate/5 mM Hepes/ 140 mM NaCl, pH 7.4, were sized by extrusion through polycarbonate 
Unipore membranes (pore size 0.1 µm, Bio-Rad). 
Interaction of spermatozoa with liposomes 
Samples were prepared by mixing 10 µl of a liposome suspension (20 nmol phospholipid and 
labeled with 0.6 mol % N-Rh-PE) and 100 µl of a spermatozoa preparation (100 x 1()6/ml) at 
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room temperature. Loosely associated liposomes were immediately removed by centrifugation 
for 3 min at 600 x g. Fusion was studied by fluorescence microscopy in a Leitz Dialux 
microscope using incident illumination. At least 100 spermatozoa were counted. 
The labeling patterns observed with human sperm were placed into the following categories 
(see Arts et al., chapter 6): 
lip-H: diffuse fluorescence throughout the head, often including midpiece and (parts of) the tail; 
�: a diffuse fluorescent band located at the middle of the head and considered to be the 
ES. 
lip-ESp: punctate fluorescence in the ES region, reflecting attached liposomes, without a 
significant occurrence of fusion as indicated by a lack of ES-incorporated N-Rh-PE. 
lip-0: absence of sperm-incorporated fluorescence. Spermatozoa with associated liposomes that 
could not be specifically defined as liposomal attachment to the ES-region were also counted in 
this category. 
Zonae pellucidae 
Zonae pellucidae were obtained from fertilized and cleaved human oocytes that were not 
transferred in the in vitro fertilization program. The embryos were washed through several 
drops of phosphate buffered saline and frozen at -60°C without any cryoprotectant. After 
thawing the embryos had completely collapsed, whereas the zonae remained virtually intact. 
The remaining zonae were washed three times by pipetting in BWW medium supplemented with 
10% pooled serum from pregnant women as described before (Arts et al., 1993). 
Induction of AR by zonae pellucidae 
Spermatozoa were centrifuged over 70% Percoll, washed twice via centrifugation with 
BWW/serum and were suspended at a concentration of 5-10 x 1<>6 motile sperm per ml. To 
induce capacitation, the suspensions were incubated for 18 hours at 37°C in test tubes. Fifty µl 
of the capacitated spermatozoa in BWW/serum were coincubated with 5-10 zonae in a plastic 
dish under mineral oil at 37°C. After 6 hours the zonae were washed in sperm buffer 
containing 1 % bovine serum albumin (BSA) to remove calcium ions, serum and non-bound 
spermatozoa. The zonae were finally resuspended in 50 µl sperm buffer containing 1 % BSA. 
To this mixture 5 µl liposomes (final concentration 0.25 mM phospholipid) were added and 
fusion was allowed to proceed for 15 min at room temperature. The zonae were washed once 
with sperm buffer containing 1 % BSA and 5 µg/ml ethidium bromide, followed by two wash 
steps with sperm buffer + 1 % BSA. The bound sperm were scored for labeling patterns as 
described above. Sperm that had taken up ethidium bromide were regarded as permeable and 
thus non-vital. 
Surf ace labeling 
Spermatozoa were labeled with sulfosuccinimidyl 6-(biotinamido) hexanoate (NHS-LC-biotin) 
as described previously (Arts et al., 1994). Immediately prior to use the NHS-LC-biotin was 
dissolved to 6 mg/ml in dimethylsulfoxide and added to 100 x 1<>6 spermatozoa/ml sperm buffer 
at a final concentration of 0.15 mg/ml. Labeling was carried out for 30 minutes at room 
temperature. The spermatozoa were pelleted at 600 x g for 5 minutes and unreacted NHS-LC­
biotin was removed by two wash steps with sperm buffer. The labeled spermatozoa were 
resuspended in sperm buffer to the desired concentration. 
The efficiency of biotinylation was assessed by monitoring the ability of motile spermatozoa to 
bind avidin-coated latex-beads prepared as described before (Arts et al., 1994). Briefly, droplets 
of the avidin-coated beads, 10% BSA in sperm buffer, and sperm suspension were mixed on 
slides and percentage of motile spermatozoa containing associated beads was determined. 
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Proteolytic treatment of spermatozoa 
To test the involvement of proteins in the interaction with liposomes, spermatozoa were 
suspended to 100 x 1(}6 cells per ml sperm buffer and incubated with 100 µg/ml pronase E for 
15 minutes at room temperature. Sperm-directed proteolysis was then inhibited by addition of 
1 % BSA. The suspension was immediately centrifuged, washed once with sperm buffer 
containing 1 % BSA and resuspended in the desired buffer. 
Adsorption of a serum containing anti-sperm antibodies (ASA) with intact spermatozoa 
In the fusion inhibition studies a patient's serum was used, that contained a high titer ( >  
8192) of sperm-agglutinating ASA (see also Arts et al., 1994). To remove antibodies against 
sperm surface antigens, part of the serum was adsorbed with intact spermatozoa as follows. One 
ml serum was incubated 1 h with spermatozoa; the cells were removed by two centrifugation 
steps, successively 3 min 600xg, and 10 min lOOO0xg. After every adsorption cycle the 
presence of surface-directed antibodies was assessed by the two most sensitive tests known: tray 
agglutination test (TAT) and mixed antiglobulin reaction (MAR) test for IgG. The TAT was 
performed as described before (Jager et al., 1978; Arts et al. , 1994) and the IgG-MAR test 
according to Jager et al. (1978). After 5 adsorption cycles (involving a total of 1.5 x 109 
spermatozoa) the TAT agglutination titer was reduced from greater than 8192 to below 4 and 
the percentage of motile cells with IgG from approximately 100% to 0%, indicating that 
virtually all surface-directed antibodies had been removed. 
Results 
Detection of equatorial segments after AR induction using PS liposomes 
When fractions of sperm suspensions were incubated with PS liposomes the binding patterns 
lip-ESd and lip-ESp correlated very well to the fractions containing PSA-binding factor in the 
ES region (Fig. l a: slope 0.93, intercept 0.65, R = 0.85, P«0.001). It should be noted that the 
preparations used here often contained high fractions of sperm that had lost all PSA-binding 
factor (pattern PSA-0 for up to 40% of the suspension). The proportions of these PSA-0 
fractions were of no influence on the relationship between the liposome- and PSA-binding 
qualities. Thus, equatorial segments that have lost PSA-binding factor also appeared to have lost 
the ability to interact with liposomes. 
A rather good correlation was also found between the proportion of sperm interacting with 
liposomes and the sperm containing SBTI-binding factor in the ES region (pattern SBTI-ES) 
(Fig. l b: slope 1.13, intercept -3.72, R = 0.91, P=0.001). However, slope and intercept of the 
regression line indicate that part of the SBTI-binding sperm do not have liposome-binding 
properties. 
Since these results showed a coincidence between the presence of acrosome-specific 
compounds in the ES region (especially PSA-binding factor) and the capacity to interact with 
liposomes, it was of interest to determine whether both acrosomal factors were involved in the 
interaction with the phospholipid vesicles. Incubation of acrosome-reacted spermatozoa with 200 
µg/ml (unconjugated) PSA for 1 h prior to liposome addition resulted in heavy agglutination of 
the vesicles mainly in the ES region. Unfortunately, this phenomenon obscured the underlying 
surface, making it impossible to establish whether or not fusion still occurred. Preincubation of 
the spermatozoa with 2 mg/ml SBTI-biotin for 1 h had virtually no effect on the subsequent 
interaction with liposomes, as reflected by unchanged proportions of both lip-ESp and lip-ESd 
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Fig. 1. Detection of equatorial segments with liposomes: con-elation with the PSA-FITC and 
SBTI-biotin methods. 
Spermatozoa (lrllml sperm buffer) were incubated with 5 mM Ca2+ and JO µM ionophore 
A23187 for 60 min at 37°C. The reaction was terminated by centrifugation and the cells were 
resuspended in sperm buffer. A 50-µl aliquot was fixed in methanol /or PSA-FITC staining, 100-
µl aliquots (non.fixed sperm) were incubated with PS liposomes or SBTl-biotinlavidin-Texas Red. 
All preparations were examined by fluorescence microscopy and the labeling patterns 
categorized. Only the results for ES-patterns are depicted (PSA-ES, SBTI-ES, lip-ESd + lip­
ESp). 
a. Correlation between proportions spermatozoa interacting with liposomes (lip-ESp + lip-ESd) 
and sperm with residual PSA-binding factor in the ES (PSA-ES). Data of least-squares analysis: 
y = 0. 929x + 0. 65, R = 0. 848, P«0. 001, n =22. 
b. Correlation between proportions spermatozoa interacting with liposomes and sperm with 
residual SBTl-binding factor in the ES (SBTI-ES). Data of least-squares analysis: y = l. l 3x -
3. 72, R = 0.908, P=0. 001, n = ll. 
Surface proteins of intact spermatozoa exposed before AR are not involved in fusion 
To determine the localization of proteins involved in fusion, spermatozoa were treated with 
pronase under conditions known to remove surface proteins (Arts et al ., 1994) . After 
subsequent AR induction followed by an incubation with PS liposomes, the spermatozoa showed 
no difference in liposome binding and fusogenic properties, when compared with non-pronase 
treated spermatozoa (table 1) . 
In another approach, we labeled the spermatozoa! surface proteins with biotin prior to AR 
induction . After AR induction the cells were incubated with either anti-biotin IgGs or 
streptavidin . Fusion and binding of liposomes were only marginally hindered by a potential 
shielding of the ES surface (table 1) . Incubation of the acrosome-reacted, biotinylated cells with 
avidin, in stead of streptavidin , resulted in strong aggregation of liposomes all over the 
spermatozoa, including the ES, thereby preventing an accurate determination of the fluorescence 




Table 1 .  Surface proteins are not involved in the interaction between the ES 
and liposomes. 
% lip-H % lip-ESd % lip-ESp 
( S . O . ) ( S . O . ) ( S .  D . ) 
1 .  Shielding of biotinylated surface proteinsa 
control 11 . 0  ( 3 . 0 ) 2 3 . 0  ( 2 . 0 ) 14 . 0 ( 4 .  0 ) 
+ anti-biotin 6 . 7  ( 0 . 6 ) 2 1 . 7  ( 2  . 1 ) 11 . 7  ( 2 . 5 ) 
+ streptavidin 9 . 3  ( 0 . 6 ) 2 0 . 7  ( 4 . 2 ) 12 . 7  ( 5 .  0 )  
--
2 .  Preincubation with ASA prior to ARb 
control 6 . 3  ( 6 . 0 )  2 5 . 7  ( 5 . 8 )  2 3 . 3  ( 6 . 1 ) 
+ ASA 5 . 0  ( 4 . 4 ) 2 5 . 3  ( 2 . 9 )  22 . 7  ( 8 . 1 ) 
3 .  Proteolysis prior to ARc 
control 7 . 0  ( 7 . 6 ) 19 . 3  ( 3 . 7 )  17 . 8  ( 3 . 2 ) 
+ pronase 5 . 5  ( 4 . 8 ) 18 . 8  ( 6 . 5 ) 18 . 0  ( 5 . 7 ) 
% lip-0 
( S .  D . ) 
52 . 0  ( 5 . 2 ) 
6 0 . 0 ( 4 .  4 )  
57 . 3  ( 9  . 1 ) 
44 . 7  ( 6 . 5 ) 
47 . 0  { 9 . 2 ) 
55 . 8  { 12 . 2 )  
57 . 8  ( 15 . 5 ) 
• Sperm surface proteins were biotinylated and subsequently the AR was induced with ionophore A23187. 
After termination of the reaction, the cells were washed and suspended in sperm buffer + 0.3 %  BSA. Either 
buffer (control), or anti-biotin IgGs (0.1 mg/ml) or streptavidin (0.1 mg/ml) were added and incubated 1 h. 
After washing with sperm buffer PS liposomes were added and further treated as described. 
b Spermatozoa (108/ml sperm buffer + 0.3 %  BSA) were preincubated with buffer (control) or lOx diluted 
serum containing ASA for 1 h. After washing with sperm buffer, the AR was induced as described. After AR 
liposomes were added. 
c Spermatozoa (108/ml sperm buffer) were incubated with 2 mg/ml pronase at 37°C. After 15 min BSA was 
added (final concentration 1 % ) and the suspension was immediately centrifuged and washed once with sperm 
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Fi,g. 2. Effect of proteolytic treatment on the capacity of acrosome-reacted spenn. to interact 
with PS liposomes. 
Spermatozoa (HJ/ml) were acrosome-reacted with A23187 as described in Fig. 1, washed once 
and resuspended to the initial concentration in sperm buffer. The suspension was divided in 
ponions of 1. 0 ml and recieved respectively 20, 8 and 4 µg pronase. Proteolysis was carried 
out at 37°C. At the indicated times 100 µI-samples were removed, immediately supplied with 
1 % BSA and centrifuged for 3 min. The sperm pellet was washed once with sperm buffer + 1 % 
BSA. Subsequently , the cells were resuspended in sperm buffer containing PS liposomes (0.25 
mM phospholipid) ,  immediately centrifuged for 3 min. After resuspension in sperm buffer, at 
least 100 spermatozoa were scored for fluorescence labeling patterns. Only the results (means of 
4 separate experiments) for patterns lip-ESd (a) and lip-ESp (b) are shown. 
Protease treatment of acrosome-reacted spermatozoa inhibits fusion 
To establish whether recognition and/or fusion of liposomes with the ES was protein 
dependent , the AR was induced by A23187-treatment and the cells were subsequently treated 
with different concentrations of pronase prior to addition of liposomes (Fig. 2). 
Before pronase treatment approximately 25 % of the spermatozoa displayed pattern lip-ESd and 
20 % displayed pattern lip-ESp. Treatment with different concentrations pronase rapidly 
eliminated fusogenic activity (Fig. 2a) , whereas the capacity of binding liposomes was only 
gradually diminishing (Fig. 2b). Complete abolishment of binding capacity was only achieved 
after treatment with high concentrations of pronase ( 1  mg/ml for 15 min , not shown) . 
Non-agglutinating antisperm antibodies (ASA) inhibit Iiposome-ES fusion 
To obtain additional evidence for the involvement of sperm proteins, we investigated whether 
sera containing antibodies against sperm-specific antigens (ASA) could inhibit interaction of the 
ES with PS liposomes. 
Incubation of acrosome-reacted spermatozoa with serum containing a high agglutination titer 
of ASA resulted in strong inhibition of fusion (type lip-ESd , table 2) , whereas a negative 
control serum had no inhibiting activity. In contrast , the proportion of sperm showing pattern 
lip-ESp was only slightly diminished. ASA-containing sera from other patients gave comparable 
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results (not shown). 
To test whether ASA against surface proteins were involved in the inhibition, we adsorbed the 
serum to intact spermatozoa (i. e. sperm surface antigens) until surface directed ASA were 
undetectable. The adsorbed serum was equally potent in the inhibition of fusion. However, the 
adsorbed serum fraction had no effect on pattern lip-ESp (table 2). 
Metalloendoprotease-activated protein is not involved in the fusion with liposomes 
It has been reported that the acquisition of fusion competence during AR is mediated by a 
metalloendoprotease (Diaz-Perez & Meizel, 1992). To examine whether such an activation step 
would also affect the fusion of spermatozoa with liposomes, the AR was induced by incubation 
of sperm with calcium ionophore A23187 in the presence and absence of the 
metalloendoprotease inhibitor phosphoramidon. No effect of phosphoramidon on subsequent 
liposome fusion or binding properties of the ES could be observed (pattern lip-ESd: 22.5 % + 
3 .1 in the absence, and 21. 8 % + 6. 2 in the presence of phosphoramidon; pattern lip-ESp: 
19.3% + 15.4 in the absence, and 21.0% + 11.5 in the presence of phosphoramidon, results 
of 5 independent experiments). 
Initiation of AR by A23187 under the given conditions leads to a significant degree of 
ruptured membranes and loss of vitality (Arts et al., 1993a,b). To exclude that concommitant 
release of (aspecific) proteases could have accounted for activation of a potential fusion protein, 
the following control experiment was carried out. AR was induced on the zona pellucida 
surface, which produces vital acrosome-reacted spermatozoa (Arts et al., chapter 4). The vital 
sperm bound to the zona, showed either lack of interaction with the liposomes (pattern lip-0) or 
the fusion-related pattern lip-ESd. A punctate fluorescence (pattern lip-ESp) was conspicuously 
ab�ent. The presence of phosphoramidon throughout coincubation of zonae pellucidae and 
spermatozoa had no inhibitory effect on the percentage of bound sperm displaying fusion 
(pattern lip-ESd). On the contrary, we found that the presence of the MEP inhibitor apparently 
slightly elevated the number of sperm bound per zona, as well as the percentage of sperm with 
pattern lip-ESd (not shown). 
Discussion 
Insight into the mechanism of biological membrane fusion has been derived, in particular, 
from studies involving the fusion of enveloped viruses with a host cell membrane. It has been 
shown that both the binding and the actual fusion step are mediated by specific viral proteins. 
Both activities may be located on one or two different proteins (Hoekstra, 1990; White, 1990). 
In fertilization, fusion between sperm and oocyte membranes also appears to involve proteins. 
Some invertebrate sperm contain proteins with putative fusion domains (Glabe & Clark, 1991). 
Isolated proteins of such species were shown to be capable to induce fusion of liposomes 
(Glabe, 1985 ; Hong & Vaquier, 1986) . Recently, a potential fusion protein was identified in 
guinea pig sperm (Blobel et al, 1 992). This protein seems to form dimers with an integrin-like 
protein, which may be involved in the initial binding of the sperm to the oocyte membrane. The 
observation that fusion is inhibited by monoclonal antibodies against sperm proteins further 
supports the involvement of mammalian sperm proteins in sperm-egg fusion (Saling et al, 1985; 
Okabe et al., 1990). However, at present no direct evidence is available, which would indicate 
that these proteins function as fusion peptides; inhibition of fusion by antibodies may be due to 
shielding (see also Green, 1993), or may be attributed to other, nonspecific effects on the 
interaction with an egg factor. In this regard, the monoclonal produced by Okabe et al. (1990) 
most probably inhibits sperm-egg binding, rather than fusion (Anderson et al., 1993). 
In a previous paper, we have demonstrated that the ES of spermatozoa is the only membrane 
domain capable of interaction with liposomes, provided that the cells have undergone AR (Arts 
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Table 2. Effect of anti-sperm antibodies on the interaction between liposomes 
and the ES of acrosome-reacted spermatozoa. 
serum added % lip-H % lip-ESd % lip-ESp 
after ARa ( %  of control ) b ( %  of control ) b 
control 7 . 1  ± 7 . 6  2 3 . 4  ± 3 . 3  2 5 . 1  ± 4 . 6  
( 10 0 )  ( 100 )  
total ASA 5 . 4  ± 7 . 4  6 . 1  ± 1 . 6 19 . 6  ± 7 . 6  
( 26 . 0  ± 5 . 0 ) ( 79 . 4  ± 2 8 . 7 )  
adsorbed ASA 5 . 0  ± 5 . 3  6 . 7  ± 3 . 0  24 . 4  ± 7 . 5  
( 2 9 . 1  ± 12 . 7 ) ( 98 . 7  ± 2 6 . 7 ) 
% lip-0 
44 . 3  ± 7 . 1  
68 . 9  ± 11 . 0  
64 . 6  ± 9 . 8  
Spermatozoa (107/100 µl sperm buffer) were acrosome-reacted by addition of ionophore A23187 as 
described. After washing the cells were sedimented, and the pellet was incubated for 30 min with 50 µl 
control serum (without ASA), a serum of a patient with ASA against total sperm or the latter serum, but 
adsorbed with intact sperm. After washing with sperm buffer, the spermatozoa were incubated with liposomes 
as described before. Results are means of 8 experiments. 
b Means of the individual percentages. 
et al. , 1993). With pure phospholipid vesicles as target membranes for spermatozoa, the 
potential involvement of egg factors can be ruled out. Hence, this approach allows us to further 
characterize and define the role of human sperm protein(s), potentially involved in sperm-egg 
fusion. 
The experiments revealed that fractions of sperm suspensions with patterns lip-ESd and lip­
ESp correlated very well to the fractions containing PSA- and SBTI-binding factor in the ES 
region (Fig. 1). When AR was induced with the calcium ionophore A23187, increased fractions 
in the sperm preparations were observed that did not contain any PSA-binding factor (pattern 
PSA-0). As discussed previously (Arts et al. , chapter 4), the pattern PSA-0 may reflect a 
damaged ES as a result of harsh AR induction conditions ,  in which case also no ES-localized 
SBTI-binding factor is observed. As demonstrated here, such equatorial segments do not interact 
with liposomes. Thus, the presence of remaining acrosomal factors in the ES appears to be a 
prerequisite for the ability of this membrane domain to interact with liposomes. Although we 
could not establish a direct involvement of the SBTI- and PSA-binding factors in this 
interaction, it may well be possible that the remaining acrosomal matrix after AR is 
indispensible for the maintenance of a specific ES-structure, capable of interaction with 
liposomes. 
It should be mentioned, that, in contrast to ionophore-induced AR, all spermatozoa acrosome­
reacted on zonae pellucidae contain both SBTI- and PSA-binding factors which remain 
associated to the ES (Arts et al. , chapter 4). Also, these acrosome-reacted cells are readily 
detected with liposomes. Given its simplicity, this method is, therefore, very suitable for the 
detection of acrosome-reacted spermatozoa on zonae pellucidae. 
Evidence that sperm proteins are directly involved in the fusion of (liposomal) membranes 
with the ES was derived from experiments with acrosome-reacted human sperm treated with 
protease. Such treatment abolished all fusion activity in the ES within 5 min (Fig. 2) . 
Interestingly, protease treatment differentiated between binding and fusion functions of the 
human ES (resp. reflected by patterns lip-ESp and lip-ESd). As shown previously, within 3 min 
after addition of liposomes to acrosome-reacted spermatozoa, those cells capable of interaction 
have either completed fusion with the vesicles (pattern lip-ESd) or only bound them (lip-ESp). 
Both fractions remained constant during prolonged incubation for up to 1 hour (Arts et al. , 
chapter 6). Apparently, spermatozoa displaying pattern lip-ESp do not proceed towards the 
fusion-related pattern lip-ESd. The present results further support that pattern lip-ESp unlikely 
represents the binding step preceding fusion. Within 5 min of proteolysis almost no cells with 
fusion activity were present anymore. In contrast, the fraction of cells only capable of binding 
was not significantly changed in this time course and was only reduced gradually during 
prolonged incubation. For fusion, liposomes first have to bind/associate to the ES. If this would 
occur via the mechanism that also leads to pattern lip-ESp, approximately a doubling in the 
fraction of spermatozoa displaying lip-ESp would have been expected after a short period of 
proteolytic treatment, given the high rate of loss of fusion activity and the relatively insensitivity 
of pattern lip-ESp (Fig. 2) . Instead, the fraction of sperm with lip-ESp pattern appeared to be 
rather stable, whereas the proportion of equatorial segments showing pattern lip-ESd seemed to 
lose both fusion and binding capacity upon proteolysis. Furthermore, ASA only inhibited the 
fusion of liposomes with the ES, but did not result in higher fraction of lip-ESp (table 2) . 
Thus, our results suggest that the lip-ESp pattern does not represent a dynamic, transient 
binding stage that precedes the fusion step. The existence of different binding mechanisms 
between mammalian sperm and egg, one leading to fusion, the other to mere attachment, has 
also been suggested by Myles (1993). It should be noted that the lip-ESp pattern was only rarely 
found on zona pellucida-bound spermatozoa, but in considerable amounts after rough, in vitro 
AR induction treatments. Thus arguing, the lip-ESp pattern could reflect an aberrant ES, i. e. 
different from a damaged ES that has lost acrosomal matrix compounds, since binding is 
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virtually absent in the latter case. 
The changes in the ES during AR that eventually result in the acquisition of fusion 
competence are largely unknown. The formation of a continuous membrane by junction of the 
plasma membrane with the inner acrosomal membrane in the ES, might allow a redistribution of 
proteins and/or lipids. In this paper, we have shown that a protein(s) is(are) involved. Hence, 
the alteration in ES properties might among other be due to activation of proteins or due to 
exposure of previously hidden/shielded peptides derived from inner acrosomal membrane or 
plasma membrane. The experiments described here, do provide evidence, however, that the 
proteins involved in fusion are not accessible and/or fusion active prior to AR induction. 
Pronase treatment of spermatozoa before AR induction (known to remove surface proteins, Arts 
et al, 1994) had no effect on the fusion capacity of the ES after subsequent AR. Shielding of 
biotinylated surface proteins by streptavidin and anti-biotin IgG after AR also did not exert any 
effect (table 1). Moreover, ASA which had been adsorbed with non-acrosome-reacted sperm, 
and that no longer contain agglutination capacity, had not lost inhibitory capacity (table 2). 
A possible mechanism by which activation during/after AR may occur is selective proteolysis 
by a metalloendoprotease as proposed for sea urchin sperm (Lennarz & Strittmatter, 1 991)  and 
human sperm (Diaz-Perez & Meizel, 1992). Addition of specific metalloendoproteas inhibitors 
partially inhibited fusion of human sperm with zona-free hamster eggs. However, inhibition of 
metalloendoprotease activity had no effect on the capacity of acrosome-reacted human sperm to 
fuse with PS liposomes. It might be possible that the protein activated by a metalloendoprotease 
is involved in the interaction with an oocytal factor, while in our system only sperm factors can 
be studied. 
Our results contrast to the putative fusion protein PH-30 of guinea pig sperm. The protein has 
been initially identified by monoclonal antibodies raised against surface proteins, exposed on the 
plasma membrane (Primakoff & Myles, 1983). Furthermore, the PH-30 protein appears to be 
activated by selective proteolysis in the epididymis (before ejaculation) and no further activation 
seems to be necessary (Blobel et al., 1990). In contrast to the proposed mechanism that the ES 
of eutherian mammals is the initial membrane domain involved in fusion (Bedford et al, 1979), 
the PH-30 protein is (surface) located in the post-acrosomal plasma membrane of both intact 
and acrosome-reacted spermatozoa (Primakoff et al. , 1987). The proposed fusion-inducing 
capacity of the PH-30 awaits further verification. At present, one fusion-inhibiting antibody is 
known which is only reactive with the ES of acrosome-reacted spermatozoa (Saling et al., 
1985), but details about the respective sperm proteins are still lacking. 
In conclusion, we have shown that liposomes detect equatorial segments after AR that contain 
remnants of the acrosomal matrix. Since such equatorial segments are thought to represent the 
endstage of physiological AR, the method offers a rapid, and reliable means of detecting 
acrosome-reacted spermatozoa·, induced in suspension or when bound to zonae pellucidae. 
Furthermore, liposomes reveal that these apparently intact equatorial segments are present in 
two distinct forms. One appearance primarily binds liposomes, while the other form leads to the 
actual merging with the artificial membrane. Since zona pellucida-induced AR results 
predominantly in the fusogenic ES-form (as reflected by an almost exclusive presence of pattern 
lip-ESd), this appearance may represent spermatozoa ultimately involved in the fusion with the 
oocyte membrane. The pattern lip-ESp seems to reflect an appearance which does not represent 
the preceding step in fusion but rather a pattern revealed after artificial (ionophore-induced) AR. 
Of particular interest is the observation that the fusogenic form is most sensitive to proteolytic 
treatment. No enhanced or altered binding pattern is observed. Hence a frustrated fusion event 
does not bring about a binding feature seen at conditions where "binding" (lip-ESp) is not yet 
affected (Fig. 2a vs 2b). It is tempting to speculate that this finding could imply that the binding 
and fusion function are expressed in one and the same protein. 
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Abstract 
Infertility may be caused by defects in sperm-egg interaction. This interaction can be 
studied by zona pellucida (ZP) binding assays and by the ZP-free hamster oocyte test (ZFHOT). 
However, these assays cannot explain all failed fertilizations. Apart from binding defects per se, 
aspects following binding may also be impaired such as the ZP-induced acrosome reaction 
(AR). Thusfar this cause of infertility has not been extensively investigated. 
In the present study we employ a ZP-binding assay combined with a new method for the 
rapid detection of acrosome-reacted spermatozoa bound to the ZP. The assay relies on the use 
of artificial membranes (liposomes). The liposomes interact only with the equatorial segment 
(ES) of acrosome-reacted spermatozoa, and readily reveal whether or not the ES displays 
fusogenic activity. With this approach, we examined whether a relationship exists between the 
fusogenic capacity of acrosome-reacted spermatozoa as measured with liposomes and that 
determined with the ZFHOT. 
To explore the usefulness of this combined assay, patients were selected whose 
spermatozoa were unable to fertilize in vitro, but otherwise had good semen qualities. From the 
8 patients studied only two showed very low ZP binding according to criteria proposed by 
Oehninger et al. (1989)(less than 30% of the donor value). Thus, 6 patients would remain 
undetected if only scored for ZP binding qualities. However, all patients demonstrated either a 
total absence or a very low level of ZP-induced AR. This impaired response may well explain 
their infertility. Additionally, for some patients, whose spermatozoa could undergo ZP-induced 
AR, only non-fusogenic equatorial segments, as reflected by mere associated liposomes, were 
observed. Only those patients, whose spermatozoa formed fusogenic equatorial segments after 
ZP-induced AR could also fuse with ZP-free hamster oocytes (performed after spontaneous 
AR). However, fusogenic ES-formation was no guarantee for a positive result of the ZFHOT 
implying that infertility in these cases may not arise from fusion defects. The current approach 
thus enables to further define possible causes of unexplained infertility. 
In conclusion, we demonstrate the existence of men unable to respond to AR induction 
by zonae pellucidae, and that employing an AR detection assay may increase the specificity of a 
ZP binding test. Since our new AR detection method is rapid and can be performed 
simultaneously with a ZP binding assay, it offers the opportunity for routine testing. 
Introduction 
In approximately 10 % of the couples with unexplained infertility no in vitro fertilization 
of the oocytes occurs (Oehninger et al, 1991; McKenna et al . ,  1992). To avoid unnecessary 
treatment, it would be desirable if existing spermatozoa! defects could be detected, and negative 
results of IVF could be predicted. It has been shown that some aspects of conventional semen 
analysis harbour some predictive value for fertilization, such as morphology (Kruger et al., 
1988), and to a lesser extent motility characteristics (Wang et al. , 1993). However, 
conventional semen characteristics as such provide insufficient data to predict infertility, 
especially in those cases which are due to failures in sperm-egg binding and fusion (Liu & 
Baker, 1992). 
Gamete interaction begins with binding of the spermatozoon to the egg's extracellular 
glycoprotein matrix, the zona pellucida (ZP). The generally accepted view is that the ZP 
subsequently induces acrosome reaction (AR) (Cross et al . ,  1988; Liu & Baker, 1990). During 
AR, the protease acrosin is released from the spermatozoon, which mediates the penetration 
through the ZP (Yanagimachi, 1988). Thereafter, the spermatozoon comes into direct contact 
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with the oocyte membrane, and eventually both gametes will fuse. AR is required to activate the 
sperm's fusogeneity (Yanagimachi, 1988). 
Until recently, the only available laboratory test to assay sperm-oocyte interaction was 
the zona-free hamster oocyte test (ZFHOT). After removal of the ZP, the hamster oocyte may 
fuse with capacitated (and probably acrosome-reacted) spermatozoa of all mammalian species 
tested thus far (Yanagimachi et al. , 1976; Barros et al. , 1988). The ZFHOT would therefore 
provide information about the last step preceding fertilization. However, when carried out with 
capacitated sperm the test has only little predictive value for fertilization, either in vivo or in 
vitro (Ausmanas et al, 1985; O'Shea et al. , 1993). The introduction of AR inducing agents in 
the assay has increased its sensitivity, and reduced the false-negative score. Instead, an increase 
in false-positive results is observed (Aitken et al. , 1987; Yee & Cummins, 1988). This may be 
caused by the fact that the ZFHOT does not eliminate the cases that are defective in sperm-ZP 
interaction, the ZP forming a main barrier to fertilization (Liu & Baker, 1992). 
The most extensive studies on sperm-ZP interaction have been performed with binding 
assays for which the large inter-ZP variation has been reduced as much as possible. In the 
hemi-zona assay (Burkman et al. , 1988), each ZP is cut in two equal halfs. The half incubated 
with test spermatozoa can be directly compared to the control half. However, the assay is very 
tedious, while intra-ZP variation may be still considerable. Another ZP-binding test makes use 
of control and test spermatozoa labeled with different fluorochromes which are simultanously 
incubated with a ZP (Liu et al. , 1989). However, it cannot be excluded that the labeling 
modifies the sperm surface properties, whereas especially spermatozoa from subfertile men may 
not survive the labeling procedure (Arts et al. , chapter 4). Obviously, good ZP-binding, 
although required, does not necessarily lead to fusion and fertilization (Franken et al. , 1993; 
Liu et al. , 1989; Oehninger et al. , 1989; McKenna et al. , 1993). A concommitant requirement 
in this regard is the occurrence of AR induction after binding of spermatozoa to zonae 
pellucidae. Documentation of this step is still scanty, which can be attributed, at least in part, to 
the laborious technology currently available (Cross et al. , 1988; Coddington et al. , 1990). 
Recently, we developed a rapid assay for the detection of acrosome-reacted spermatozoa 
bound to the ZP surface (Arts et al. , chapter 7). The assay is based on the ability of equatorial 
segments of acrosome-reacted spermatozoa to interact with artificial membranes (liposomes). 
Interaction is seen either as a diffuse fluorescent band, reflecting liposomes fused with the ES, 
or as a punctate fluorescent band, due to binding of liposomes, and indicative of non-fusogenic 
equatorial segments. 
We present initial results with this liposome assay, to determine whether extension of a 
zona binding test with (rapid) AR detection would indeed enable the detection of a thusfar 
hidden cause of infertility. The existence of patients whose spermatozoa are unable to respond 
to AR induction, has hitherto only been suspected (McKenna et al. , 1993). To validate our 
novel assay we selected patients with spermatozoa unable to fertilize but with otherwise good 
semen characteristics. Besides a simultaneous view on the zona binding capacity and ability to 
undergo AR, the liposome assay, in principle, might provide additional information about the 
fusogeneity of the ES. Therefore, the patterns obtained with liposomes were compared to results 
obtained with the ZP-free hamster oocyte test. Our results demonstrate that the approach 
described in this work allows detection of spermatozoa that have relatively good ZP-binding 
:apacity, but lack a normal reaction to AR induction by zonae pellucidae. 
Materials and methods 
�election of patients 
Patients that had at least two times failed to fertilize oocytes in IVF, participated in our 
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test program. To this preliminary study only those patients were admitted who met the 
following criteria: (i) fertilization failure could not be attributed to defects in/of known sperm or 
oocyte factors; (ii) the semen had to be of at least moderate quality according to WHO criteria 
(WHO Manual, 1987: > 20 x 1()6, > 50 %  motility, > 50%  normal morphology as determined 
by Giemsa staining); (iii) the sperm preparation should have more than 50% motility after 
overnight capacitation at a concentration of 20 x 1Cl6 motile sperm per ml. The control group 
consisted of 5 healthy, normal sperm donors. 
Table 1. Results of conventional semen analysis and preservation of motility after 
capacitation for donors and infertile patients. 
infertile normal 
men donors 
concentration (x 106 /ml ) 77 . 0 ± 4 8 . 8  85 . 0  ± 2 0 . 7  
motility before capacitation ( % )  66 . 1  ± 11 . 9  65 . 3  ± 17 . 3  
motility after capacitation ( % )  7 0 . 8  ± 13 . 8  69 . 0  ± 1 0 . 2  
normal morphology ( % )  55 . 0  ± 7 . 8  58 . 6  ± 7 . 9  
All values are expressed as means + SD. No significant differences between the infertile 
men and the donors were detected with the Student's t-test. 
Preparation of spermatozoa for overnight capacitation 
Spermatozoa were centrifuged over 70% Percoll, washed twice with BWW medium 
containing 1 % pooled serum from pregnant women (BWW/serum, Arts et al. ,  1 994) and were 
finally suspended at a concentration of 20 x 106 motile sperm per ml. To induce capacitation, 
the suspensions were incubated for 18 hours at 37°C in test tubes. After capacitation, the 
preparations were checked for motility and diluted to 10  x 106 motile spermatozoa/ml. Patients 
whose spermatozoa had less than 50% motility after capacitation were excluded.  
Preparation of liposomes 
The experiments were performed with small unilamellar vesicles (SUVs) which were 
prepared as follows. 2.5 µmol phosphatidylserine (bovine brain, Avanti Polar lipids, 
Birmingham,  AL) and 15 nmol N-(lissamine Rhodamine B sulfonyl) phosphatidylethanolamine 
(Avanti)(stored as stock solutions in chloroform at -20°C) were dried under a stream of 
nitrogen. The lipid film was hydrated by adding 1 ml sperm buffer (a Ca2+-free BWW-derived 
buffer, Arts et al. , 1993) and argon was layered on top of the suspension to prevent contact 
with air. The lipids were dispersed in a sonication bath until clearance. Alternatively, the 
suspension was cle.ared using a high energy sonicator with a titanium tip. In this case, titanium 
particles were removed by centrifugation for 10 min at 1 3000 x g before use. The liposomes 
were stored at 4 °C. 
AR induction by zonae pellucidae and incubation of ZP-bound spermatozoa with liposomes 
Human zonae pellucidae were obtained from oocytes that had remained unfertilized 
during IVF treatment or from fertilized cleaved oocytes that were not transferred. Oocytes 
and/or embryos were stabbed with a narrow bore pipette, pooled, and frozen in sperm buffer 
at -60°C until use. 
Fifty µl of the capacitated spermatozoa in BWW/serum were coincubated with 10-15 
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zonae pellucidae in a plastic dish under mineral oil at 37°C. After 6 hours the zonae were 
washed with sperm buffer containing 1 % bovine serum albumin (BSA) to remove calcium ions, 
serum and non-bound spermatozoa. The zonae were finally resuspended in 50 µI sperm buffer 
without BSA. To this mixture 5 µl liposomes (final concentration 0.25 mM phospholipid) were 
added and fusion was allowed to proceed for 15 min at room temperature. The zonae were 
washed once with sperm buffer containing 1 % BSA and 5 µg/ml ethidium bromide, followed by 
two wash steps with sperm buffer + 1 % BSA. The bound sperm were scored for labeling 
patterns as described below. 
Classification of fluorescence patterns 
ZP-bound spermatozoa were examined in a Leitz Dialux incidence fluorescence 
microscope with a filter set for rhodamine fluorescence, allowing simultaneous determination of 
both uptake of ethidium bromide and liposome labeling patterns. 
Spermatozoa that had taken up ethidium bromide were considered permeable, and thus 
non-vital. These were easily recognized by an intense fluorescence, distributed throughout the 
nucleus. The intense ethidium bromide fluorescence precluded liposome-derived rhodamine 
fluorescence to be distinguished in sueh cases. 
Vital, acrosome-reacted spermatozoa can display (Arts et al. , 1993): 
(1) a ring-like diffuse fluorescence distribution in the equatorial segment (pattern ESd), 
indicating that liposomes have fused with the sperm membrane, 
(2) a ring-like punctate fluorescence distribution in the equatorial segment (pattern ESp), 
indicating associated liposomes which failed to fuse. 
Vital, acrosome-intact spermatozoa do not interact with liposomes and can only be 
observed with bright field illumination. 
Zona-free hamster oocyte test (ZFHOT) 
The ZFHOT was performed as described before (Arts et al. , 1994). In short, capacitated 
spermatozoa were incubated with 10-15 zona-free hamster oocytes. After 3 h the number of 
spermatozoa bound to the oocyte and the number of decondensations within the oocyte were 
counted. 
Results 
Spermatozoa from infertile patients were examined with both the ZP-free hamster oocyte 
test (ZFHOT) and ZP-binding/liposome assay. The results were compared to those obtained for 
spermatozoa of a normal donor. The data obtained for five patients that were tested twice (with 
more than three weeks interval) and those obtained in case of three patients that were examined 
only once, are compiled in table 2. 
Zona pellucida-binding capacity 
A cut-off level for zona binding of 30% (patient/donor x 100%)  has been suggested to 
predict fertility (Oehninger et al., 1989; Franken et al. , 1993). Based on the extent of initial 
binding (viable + non-viable spermatozoa) only patient 1 had a fractional binding consistently 
below 30% (table 2, column 5), and could therefore be assigned to have a reduced potency of 
fertilization in IVF. Patient 2 centers around the critical fractional binding of 30% .  All other 
patients showed an acceptable degree of binding (Oehninger et al. , 1989), relative to the control 
value. Their infertility thus remains unexplained according to the judgement based upon ZP­
binding ratio. 
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Table 2. Results of the zona-free hamster ovum test (ZF11On and ZP-binding/liposome assay with spermatozoa from infertile men who 
were -negative in IVF despite nonnospennia in conventional semen analysis*. 
Results of the ZFHOT Sperm Vital Acrosome-reacted sperm % of acr . reacted 
bound sperm 
patient sperm decondensation per ZP bound fraction number ESp ESd 
binding index % 
* *  **  **  **  **  ** **  
( 1 )  ( 2 )  ( 3 )  ( 4 )  ( 5 ) ( 6 )  ( 7 )  ( 8 )  ( 9 )  ( 10 )  
1 8 5  0 0 2 7  1 4  2 0  2 2 5  7 5  
4 0 0 9 5 10 1 0 100 
2 119 0 0 4 5  1 8  0 0 
9 2  0 0 2 5  15 0 0 
3 3 7  0 0 49  27  0 0 
4 7 1  0 0 3 9  1 8  6 2 100 0 
5 2 62 0 0 58 2 0  0 0 
162  0 0 3 3  3 9  0 0 
6 7 0 0 48  3 9  8 2 100  0 
7 115 2 8 3  1 6 0  6 4  4 6  17 5 9 0  1 0  
118 8 3  9 7  9 0  4 9  1 0  3 8 5  15 
8 118  0 0 55 38 0 0 
8 5  8 4  9 9  4 5  4 9  4 1 0 100  
Capacity to undergo AR 
The spermatozoa of three patients (2,3,5; table 2, column 7) failed to undergo AR after 
binding to the ZP. Note that in all three cases, binding was well above the critical cut-off level 
of 30%. The remaining patients responded poorly to AR induction and the fraction of vital 
sperm that were acrosome-reacted was always less than 20% of the donor level (table 2). When 
taken into account that all patients also display an impaired binding compared to the donor, the 
absolute numbers of acrosome-reacted spermatozoa observed for the patients are very low 
(column 8; 5 % or less of the donor level). 
Liposome binding and fusion patterns 
The liposome ESd pattern is thought to reflect equatorial segments that are able to fuse 
with an oocyte membrane, whereas the ESp pattern is assumed to represent equatorial segments 
that do not have fusogenic capacity (Arts et al, chapter 7). In the latter case, the ES only binds 
liposomes. 
Patients whose spermatozoa were unable to undergo AR on the ZP surface (2,3 and 5) 
or those that displayed only pattern ESp (4 and 6) had negative results, when examined in the 
ZFHOT. Two patients (7 and 8) with a positive score in the ZFHOT both showed a pattern ESd 
after ZP-induced AR. Interestingly, at one occasion no acrosome-reacted spermatozoa were seen 
for patient 8 (while the donor response was normal), which was accompanied by a negative 
result of the ZFHOT. When repeated more than three weeks later, a very low level of AR was 
determined. In this case, the results of the ZFHOT for this patient were comparable to those 
obtained for the donor. Finally, preliminary results also indicate that a fusogenic ES, although a 
prerequisite for fertilization, does not necessarily ldi.d to a positive result in the ZFHOT. Thus 
in case of patien 1, the predominant labeling pattern was diffuse fluorescence after liposome­
spermatozoon interaction, as observed when testing two different preparations over a time­
interval of three weeks. 
Discussion 
In this preliminary study we demonstrate that the application of a ZP-binding assay in 
conjunction with our novel AR detection test may provide additional information with respect to 
the fertilizing capacity of spermatozoa. The approach can detect patients (2-8) who would be 
assigned to have a good fertilization capacity based on ZP-binding properties. Yet, their 
spermatozoa respond poorly to AR induction by the ZP. To study the significance of the ZP­
induced AR in fertility, we selected patients, whose spermatozoa were unable .to fertilize 
oocytes in vitro despite good semen qualities. This selection on good semen quality precludes 
substantial interference of known aberrant factors, such as defective sperm morphology. 
The current approach harbours, in principle, three assays, which are performed 
simultaneously: ZP-binding, ZP-induced AR, and fusogenic capacity. ZP-binding was assessed 
by incubating patient and control spermatozoa each with at least 10 zonae. In contrast to the 
hemizona assay, this procedure may be carried out easily in a standard routine laboratory, while 
the spermatozoa are not subdued to a labeling treatment. The zonae pellucidae always contained 
bound spermatozoa remaining from the IVF treatment, although the amounts were low (10.2 + 
5.3 sperm/zona, 20 zonae counted) compared to normal levels of donor sperm binding during 
the assay (60 sperm per ZP). Despite the storage of the zonae pellucidae at -60°C, some of 
these prebound spermatozoa were able to bind liposomes, which could obscure eventual patient 
spermatozoa with a total failure to undergo AR. Therefore, to distinguish prebound sperm from 
freshly bound sperm, the nuclei of permeable cells were stained after an incubation for six 
hours with the zonae. A disadvantage of this strategy is that sperm that are acrosome-reacted 
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early in the coincubation and died afterwards, are also stained, rather than that they are scored 
as as acrosome-reacted. On the other hand, given the relatively large numbers of vital, 
acrosome-reacted sperm in the donor preparations (20 per ZP), it may also indicate the viability 
of the spermatozoa under test. Interpretations are hampered by the fact that it is still unknown 
how long spermatozoa remain viable after AR. 
Our novel AR assay used liposomes consisting of the negatively charged phospholipid 
phosphatidylserine. These membrane vesicles bind to the ES of spermatozoa provided that AR 
has occurred, and eventually fuse with them (Arts et al., 1993). The liposomes only bind to or 
fuse with equatorial segments containing remnants of the acrosomal matrix (Arts et al., chapter 
7), which are thought to be (structurally) intact. As shown previously (Arts et al., chapter 4; 
Liu & Baker, 1992) only ZP-induced AR results in formation of such intact equatorial 
segments. Consequently, all ZP-bound acrosome-reacted spermatozoa are detected by 
liposomes. The method is conclusive due to the strictly ES-localized fluorescence and is 
completed within 15 min, which is short compared to immunological detection methods (Cross 
et al., 1988; Coddington et al., 1990). 
In addition to the detection of the ES of acrosome-reacted spermatozoa, the liposomes 
may reveal two independent appearances of the ES: those that can only bind the vesicles (patchy 
fluorescence: pattern ESp) and those that also fuse with them (diffuse fluorescence: pattern 
ESd). It is tempting to speculate that pattern ESp is the result of an aberrant response to AR 
induction. The liposomal assay enables the determination of the fractions of ZP-bound, 
acrosome-reacted and fusogenic spermatozoa, which, in principle, might allow an estimation of 
the chance of successful ZP-penetration and subsequent fusion and fertilization. 
It has also been claimed that the capacity of acrosome-reacted sperm to fuse with 
(oocyte) membranes can be determined with the ZFHOT (Barros et al, 1988). It should be 
emphasized that the ZFHOT, as performed in this work, depends on spontaneously occurring 
AR, instead of AR in response to its specific inducer. At present it is unknown to what extent 
spontaneous AR reflects the ability of spermatozoa to undergo AR per se. A positive ZFHOT 
suggests that fusogenic equatorial segments can be formed, but no information is obtained as to 
the fraction of the sperm sample that is fusogenic. Furthermore, the ZFHOT provides no 
information about the capacity of the spermatozoa to bind to the ZP and the subsequent 
response to its physiological AR inducer. A negative ZFHOT may be the result of either the 
absence of spontaneous AR (without insight into the response to induced AR), or the inability of 
acrosome-reacted cells to fuse with the oocyte membrane. Additionally, a negative ZFHOT may 
be caused by a failure in decondensation of the sperm nucleus within the oocyte. In this case, 
the test result will be accompanied by a positive liposomal fusion assay indicating that the 
sperm defect is not likely related to a fusogenic defect. Given these considerations, the 
application of the ZP-binding/liposomal assay extends the range of classifying potential defects 
in overall fertilization beyond the level of AR and fusogenic capacity of spermatozoa. 
When the ZP-binding/liposomal assay was applied to the spermatozoa of 8 selected 
infertile patients, in all cases a reduced binding compared to the donor spermatozoa was 
observed. However, only two patients ( I  and 2) had a fractional binding below the critical level 
of 30% (patient/donor x 100%) as proposed by Oehninger et al (1989). Thus, if examination 
would have been limited to a ZP-binding test, the remaining patients would not have been 
considered to have a low expectation in in vitro fertilization. These observations are in 
agreement with those of McKenna et al. (1993), who detected 14 out of 19 infertile patients 
(preselected as in this work) with a fractional ZP-binding above 30 % . 
Since their semen characteristics did not differ significantly from healthy donors, the 
spermatozoa of the patient group can be compared to the donor group. As demonstrated by 
affinity for liposomes, the spermatozoa of all patients tested responded poorly to AR induction 
by zonae pellucidae. The donors used always underwent AR after binding to zonae pellucidae 
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(20-60% of the vital sperm). Three patients (2,3 ,5) and one patient when tested for the first 
time (8) did not respond to AR induction at all, which in all cases was also reflected by a 
negative result in the ZFHOT. Furthermore, negative results for the ZFHOT were also obtained 
for patients 4 and 6. Their spermatozoa could undergo AR, but contained only non-fusogenic 
equatorial segments. Thus the liposomal assay provides a likely explanation for infertility in this 
case in that the fusogenic capacity of the spermatozoa is totally impaired. Patients 7 and 8 could 
form fusogenic equatorial segments after ZP-induced AR, and were also able to fuse with 
hamster oocytes as reflected by the occurrence of decondensations. These results suggest that 
spontaneous AR (in the ZFHOT) might reflect the ability to undergo ZP-induced AR. Finally 
the spermatozoa of patient 1 appeared highly fusogenic, but displayed both low ZP-binding 
capacity and reduced response to AR induction. Although the latter impairments could be 
related to the cause of infertility in this case, it can as yet not be excluded that the infertility 
may arise from defects in the reproduction process, occurring after penetration. 
In summary, the inability of the spermatozoa of patients 2-6 to fertilize can be explained 
by the absence of fusogenic spermatozoa after incubation with zonae pellucidae, caused by 
defective (2,3 ,  and 5) or aberrant AR (4 and 6). The infertility of patients 1, 7 and 8 may be 
due to very low numbers of fusogenic spermatozoa after AR on the ZP surface, resulting in a 
reduced chance of successful ZP penetration and fertilization. A larger clinical study including 
fertile and subfertile patients is necessary to gain insight in the distribution of variation in AR 
induction response and to calculate predictive values. 
In conclusion, we have demonstrated that patients exist whose spermatozoa are unable to 
respond to AR induction. The simultaneous inclusion of an AR detection method may therefore 
reduce the false-positive score of a ZP-binding fest. The liposomal assay method employed is 
rapid and convenient, and therefore offers the possibility of routine testing. 
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One of the many causes of male infertility is inability of spermatozoa to interact properly 
with oocytes. As is discussed in chapter 1 a spermatozoon should pass through a sequence of 
specific events before an oocyte can be fertilized. First the spermatozoon has to bind 
specifically to the oocyte's extracellular matrix, the zona pellucida (ZP), which subsequently 
induces the spermatozoon to undergo the acrosome reaction (AR). This exocytotic event enables 
the spermatozoon to penetrate the ZP, while at the same time AR provides the male gamete the 
capacity to fuse with the oocyte membrane. Each of these steps may be blocked by sperm 
defects, and it is of importance that such defects can be detected to spare infertile couples 
disappointment and unnecessary treatment. When the work underlying this thesis was started the 
only assay available to determine fertilizing capacity was the hamster oocyte test. This test is 
thought to determine the ability of (spontaneously) acrosome-reacted spermatozoa to fuse with 
an oocyte membrane. The factors determining this capacity are obscure, whereas the important 
interaction with the ZP (ultimately leading to AR) is not studied. The hamster oocyte test has 
only low specificity, and it requires laboratory animals to be sacrificed. The development of 
alternative assays demands a thorough understanding, on the molecular level, of the events 
occurring especially in the male gamete enabling successful fertilization. These events are 
regulated by factors and properties residing in (human) sperm membranes, of which several 
aspects are studied in this thesis. 
Sperm plasma membrane. 
The plasma membrane (PM) is a reflection of the highly organized sperm structure, 
which is designed to allow traversal of the female genital tract and interaction with the oocyte. 
To preserve the domain structure of the plasma membrane, the spermatozoon might use 
transmembrane proteins which contact the cytoskeleton or specific (glyco)lipids that may induce 
the segregation of lipids into specific domains. In one of these domains, the acrosome-overlying 
plasma membrane, surface proteins involved in the binding and response to the ZP are thought 
to be located. Furthermore, since the equatorial segment (ES), after AR induction involved in 
the fusion with the oocyte, is constituted partly of the PM, surface proteins might also be 
involved in sperm-oolemma interaction. 
To allow studying the involvement of PM proteins in the sperm-egg interaction, we 
applied the non-radioactive labeling method biotinylation (chapter 2). Given the delicate sperm­
egg interaction mechanisms and the relatively unstable acrosome (at least in vitro), it was 
necessary to evaluate the effect of biotinylation on sperm function . Spermatozoa were found to 
become evenly labeled at surface proteins only. The labeling procedure did not affect vitality, 
motility or the results of the hamster oocyte test, but binding to human zonae pellucidae was 
augmented. Biotinylated proteins and whole cells were easily detected with high sensitivity, and 
the method was used throughout the further studies. 
Given the importance of sperm PM proteins in the interaction with the oocyte and 
maintenance of domain structure, monoclonal antibodies were prepared to acrosome-intact 
spermatozoa (chapter 3). Ejaculated spermatozoa are coated with substances, which are not 
sperm-specific, but highly immunogenic. We approached this problem by treating the 
spermatozoa with trypsin before immunization. A monoclonal antibody was obtained which was 
shown to be sperm-specific and directed against a surface (PM) protein. The antigen appeared 
to be located in the annulus posterior, which separates the PM (and probably also cytoplasmic) 
domains of sperm head and tail. Hitherto, the annulus posterior has only been described on the 
structural level, and this monoclonal antibody allows to gain insight in aspects of sperm domain 
structure maintenance. Given the successful production of sperm-specific monoclonal antibodies 
after removal of the cell coat, this approach can be continued using other (non-proteolytic) 
agents, such as urea, which might deprive the spermatozoa of unspecific and irrelevant epitopes. 
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The equatorial segment (ES): structural aspects. 
Most of the experimental work in this thesis was dedicated to the fusogenic properties of 
sperm membranes, i. e. the ES. The ES may be recognized as a minor groove in the PM of 
acrosome-intact spermatozoa, encircling the equator of the human sperm head. However, it is 
during AR, that the ES becomes visible as a clearly distinct domain. To reiterate its post-AR 
characteristics: the remnants of the acrosome-overlying PM and outer acrosomal membrane 
(OAM) in the ES region join, to form one continuous membrane. On ultrastructural pictures the 
region is seen as a hairpin-like structure, consisting of three membranes closely located parallel 
to each other. It has been suggested that at least the inner acrosomal membrane (JAM) and 
OAM derived parts of the ES were connected by a proteinaceous network, which might be 
transmembranous in nature, and required for maintenance of the structure (Huang & 
Yanagimachi, 1985). Furthermore, remnants of the acrosomal matrix with its enzymatic 
constituents are retained in the loop formed by the 1AM and OAM, which may be accessible to 
extracellular components. 
Some of these structural aspects of the ES were also studied in chapter 4. In this chapter 
we developed an alternative means to detect acrosome-reacted spermatozoa bound to the ZP. 
This was necessary since most AR detection methods are either not suited to be used on the ZP 
surface, or require the availability of specific antibodies. We used a trypsin inhibitor-conjugate 
which binds to a constituent of the acrosomal matrix, most probably acrosin. It was shown that 
harsh AR induction often led to complete loss of acrosomal matrix. In contrast, mild AR 
induction (as occurring on zonae pellucidae) resulted in equatorial segments retaining some 
acrosomal matrix (containing encapsulated acrosin). Furthermore, this indicates that apparently 
no (or very little) acrosin remains associated to the IAM, raising doubts on the proposed 
mechanism for ZP penetration (see 1. 7). 
The equatorial segment: fusogenic capacity. 
Simultaneous with the change in ES structure during AR, the domain is thought to 
acquire the ability to fuse. Based on ultrastructural observations, the ES is regarded as the site 
where sperm-egg fusion is initiated (Bedford et al., 1979; Yanagimachi, 1988), although the 
involvement of the postacrosomal PM in fusion has also been suggested (Courtot & Lin-Tong, 
1988). Involvement of the ES in fusion with the oocyte membrane has also been derived from 
monoclonal antibody studies (Saling et al. , 1985), although inhibition by antibodies might also 
be due to shielding effects hindering close approximation of the membranes. Furthermore, a 
putative fusion protein from guinea pig sperm was shown to be located in the postacrosomal 
membrane (Primakoff et al. ,  1987). 
As shown above, the knowledge concerning sperm-egg fusion is still decorated with 
uncertainties. We, therefore, chose to approach the problem differently. Arguing that sperm-egg 
fusion could follow a path analogous to the entry of enveloped viruses into their host cell 
(involving only a virus-derived fusion peptide without the need for host cell factors), we studied 
the interaction of spermatozoa with liposomes, consisting solely of phospholipids and tagged 
with fluorescent lipids. As described in chapter 5 liposomes fused readily with spermatozoa, 
provided that the cells had undergone AR. Fusion was restricted to the narrow ES region. Thus, 
using this approach the following ultrastructural observations are confirmed: the ES is the only 
domain with fusogenic capacity; this capacity is only expressed after AR. The fusogenic 
properties require the involvement of sperm factors only. These observations also demonstrate 
that the postacrosomal membrane is not involved in the initial fusion; contrary (ultrastructural) 
reports might reflect a subsequent stage of sperm-egg fusion and it may be speculated that 
active involvement of the oocyte is necessary to render the latter domain fusogenic (e.g. by 
breakdown of the attachment to the cytoskeleton). Using this method the ES characteristics can 
be studied directly, and for a large number of spermatozoa in suspension. 
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An interesting observation was the apparent inability of incorporated liposomal lipids to 
diffuse beyond the borders of the ES, which suggested the existence of lipid diffusion barriers. 
These observations were extended in chapter 6. Till thusfar, efficient lipid diffusion barriers 
had been reported to be present only in epithelial cells (tight junctions) and in neurons. In 
contrast to tight junctions, but similar to neurons the apparent lipid diffusion barriers were not 
restricted to one leaflet, but spanning the entire ES bilayer. The sperm lipid diffusion barriers 
could be relieved by addition of EDTA, causing the fluorescent phospholipid analogues to 
spread throughout all sperm membrane domains. Two additional observations were made: 
(i) since EDT A itself did not induce fusion of associated liposomes, this indicated that 
the liposomal phospholipids diffusing throughout the sperm indeed had been incorporated in the 
ES membrane by fusion. 
(ii) EDT A treatment showed that fluorescence microscopy can be used to study 
interaction of liposomes with the ES. It was seen that only equatorial segments with a diffuse 
fluorescence pattern were affected by EDT A treatment, indicating that fusion with liposomes 
had occurred. On the other hand, equatorial segments with a punctate fluorescence pattern were 
not affected by EDT A treatment, and may reflect the absence of incorporated liposomal lipids 
and thus only bound liposomes. 
The ES factors involved in binding of and fusion with liposomes were further studied in 
chapter 7. Liposomes appeared to bind to and/or fuse with equatorial segments provided that 
they still contained remnants of the acrosomal matrix. It was demonstrated that the liposome 
binding and fusion activities of the ES had distinct sensitivities towards proteolytic treatment, 
and it was concluded that the binding feature was not the transient stage preceding the fusion 
step, but a distinct appearance. The protein(s) involved in the interaction with liposomes 
(binding and fusion) were shown not to be accessible before AR, but become surface-located 
and/or activated only during AR. 
Physiological significance of the observations on ES function. 
Our results clearly indicate that, after AR, the ES is the only membrane domain with 
fusogenic capacity in fresh sperm. The fusogenic capacity is maintained by lipid diffusion 
barriers, since breaching these barriers prior to addition of liposomes the capacity of the ES to 
fuse with liposomes is lost (see chapter 6). At present the nature of these barriers remains 
unclear. As already discussed at length in chapter 6, both a proteinaceous and/or a lipidic 
barrier might be present. Although speculative, given the hairpin-like structure of the ES, a 
single barrier at the posterior basis of the ES might prevent diffusion into both the 1AM and the 
postacrosomal domain, but allowing free diffusion within the ES membrane (see also Friend & 
Hsieh, 1991). Such a barrier might already be present before AR. As shown in chapter 5, we 
could introduce liposomal lipids in the acrosome-overlying PM of bovine spermatozoa (only 
after prolonged cryopreservation). Incorporated fluorescent lipid analogues failed to diffuse to 
the postacrosomal region. 
Fusion (with liposomes) is the result of the action of sperm protein(s). These proteins 
are not accesible before AR, and another possible explanation for the peculiar hairpin structure 
of the ES would be that the junction of PM and OAM during AR allows the expression on the 
PM of previously intracellular membrane proteins. It remains to be established whether specific 
lipids, such as the seminolipid, contribute (and if so, directly or indirectly) to the fusogenic 
properties of the ES membrane. Relieving the block to lipid diffusion by EDT A prior to 
addition of liposomes eliminates the fusogenic capacity. This might be due to reduction in either 
lipid or (fusion) protein concentration which are directly responsible for fusion. On the other 
hand, in chapter 6 (table 1) it is demonstrated that breaching the barriers results in the 
acquisition of liposome binding capacity in otherwise fusogenic equatorial segments. It is 
tempting to speculate that both binding and fusion with liposomes is mediated by one protein, 
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depending on a specific lipid environment for fusion activity, which is lost when these specific 
lipids diffuse away. Another prerequisite for fusion capacity of the ES (but also for binding 
capacity) seems to be the presence of remaining acrosomal matrix between the extracellular 
leaflets of the IAM and OAM derived parts of the ES. These may not be directly involved in 
fusion/binding, but function in the maintenance of the specific ES hairpin-structure. 
An intriguing question remains why the fusogenic properties are limited to such a small 
region as the ES. Given the long voyage of the spermatozoon through the hostile female genital 
tract, fusogenic activity should be expressed as late as possible. These requirements are met by 
AR induction only after binding to the ZP. But why is then the IAM not involved in the initial 
fusion with the oocyte, even incapable to fusion at all? A possibility may be that one of the 
requirements for fusion (lipids) should be present at high (local) concentration. Again 
speculative, a sufficiently high concentration throughout a larger membrane area (such as the 
IAM) could possibly result in increased instability of sperm structure. 
Clinical relevance. 
During the work on this thesis, new assays (other than the hamster oocyte test) for the 
prediction of fertilizing capacity of spermatozoa have been developed. Especially, since the 
development of IVF as a routine treatment, sufficient quantities of human zonae pellucidae have 
become available to test ZP-binding capacity. This proved to be a good predictor of infertility, 
but a ZP-binding assay cannot explain all infertility cases. In chapter 8 we used the ability of 
liposomes to interact with structurally intact equatorial segments as a means to detect the 
capacity of ZP-bound spermatozoa to undergo ZP-induced AR. Using this combined ZP-binding 
and AR-detection assay we could explain infertility of patients that would not have been 
detected with a ZP-binding assay alone. Patients were detected that failed to undergo ZP­
induced AR. Thus AR-detection proved to be a useful extension of a ZP-binding assay. 
In principle, this assay can be used to determine fusogenic capacity of (the equatorial 
segments) of spermatozoa. As discussed above (and in chapter 7) the liposomes may detect 
either a diffuse fusion-related fluorescence pattern, or a punctate pattern, indicative of binding. 
It is tempting to speculate that the latter pattern reflects the formation of a non-fusogenic ES by 
flaws in the response to AR induction or sperm structure. Indeed, we detected in chapter 8 
some patients that only formed non-fusogenic equatorial segments after ZP-induced AR. 
Although fusogenic capacity is thought to be also determined by the hamster oocyte test, at 
present no conclusions can be drawn for a possible relation to liposome binding/fusion patterns. 
This is most probably caused by the performance of the hamster oocyte test which depends on 
spontaneous AR, instead of ZP-induced AR. In the near future, the hamster oocyte test should 
be carried out with spermatozoa in which the AR is artificially induced (by isolated ZP 
proteins?) and the results compared to those of the ZP-binding/liposome assay to establish 
whether both assays detect the same sperm qualities. 
The work presented in this thesis offers new tools to study the mechanism of sperm­
oocyte interaction. Gaining insight in sperm domain structure, which allows transport, binding 
and response to the oocyte, as well as unraveling the basic requirements for sperm-egg fusion is 
of both biological and clinical interest. The polarized structure, the involvement in recognition 
and fusion processes, and the occurrence of exocytosis, make the spermatozoon to a valuable 
model system. Although more research is necessary for validation, a rapid assay for the 
prediction of fertility is presented, which in the end harbours a hopeful alternative to the 
hamster oocyte test. 
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Samenvatting 
Ben van de oorzaken van mannelijke infertiliteit is het onvermogen van zaadcellen om 
een eicel te bevruchten. Zoals beschreven in hoofclstuk 1, moet een zaadcel in een specifieke 
volgorde een aantal processen ondergaan, voordat een eicel bevrucht kan worden. Eerst moet de 
zaadcel binden aan de extracellulaire eiwitmatrix van de eicel ("eischil"),de zona pellucida 
(ZP). Deze matrix zet de zaadcel aan tot de acrosoom reactie (AR). Tijdens de AR fuseert de 
buitenste membraan van de acrosoom, een intracellulair gelegen membraanvesikel, op vele 
plaatsen met de acrosoomoverkoepelende plasmamembraan (fig. 1, hoofdstuk 1). Hierbij komt 
de acrosoominhoud vrij, waardoor de zaadcel (i) de ZP kan doordringen, en (ii) het vermogen 
krijgt om met de eicelmembraan te versmelten. Elk van de hiervoor beschreven processen kan 
geblokkeerd zijn door gebreken in de zaadcel, en het is belangrijk, dat deze (gebreken of) 
blokkades opgespoord worden teneinde onvruchtbare paren een teleurstelling en onnodige, 
belastende in vitro fertilisatie(IVF-)behandeling te besparen. Bij de aanvang van het onderzoek 
voor dit proefschrift, was er slechts een test beschikbaar om "bevruchtend vermogen" van 
zaadcellen vast te stellen: de hamster eicel test (HET). Deze test bepaalt waarschijnlijk het 
vermogen van (spontaan) acrosoom-gereageerde zaadcellen om te versmelten met een eicel. 
Echter, het is onbekend welke factoren dit vermogen bepalen, terwijl juist de belangrijke 
wisselwerking met de ZP (die uiteindelijk leidt tot AR) niet bestudeerd wordt. De HET heeft 
voorts slechts een lage specificiteit, en er moeten proefdieren voor geofferd worden. Om 
altematieve testen te ontwikkelen is een goede kennis op moleculair niveau nodig van de 
processen, die met name de zaadcel moet ondergaan, teneinde te kunnen bevruchten. Deze 
processen worden gereguleerd door factoren in en eigenschappen van de zaadcelmembraan, die 
dan ook nader bestudeerd werd in dit proefschrift. 
Plasmamembraan. 
De plasmamembraan (PM) is georganiseerd in domeinen, die een weerspiegeling zijn 
van de zaadcelstructuur. Deze structuur is zodanig, dat de zaadcel de vrouwelijke 
geslachtsorganen kan doorkruisen en een specifieke interactie met de eicel aan kan gaan. Om de 
PM-domeinstructuur te handhaven, maakt de zaadcel waarschijnlijk gebruik van 
transmembraaneiwitten, die vastzitten aan het celskelet, en/of van specifieke glycolipiden, die 
door middel van membraan- fasescheidingen de lipiden in specifieke domeinen kunnen 
organiseren. In een van deze domeinen, de acrosoomoverkoepelende PM, bevinden zich 
(oppervlakte-)eiwitten, die betrokken zijn bij de binding aan de ZP en de daarna optredende 
AR. Voorts is het mogelijk dat PM-eiwitten ook betrokken zijn bij de wisselwerking met de 
eicelmembraan. 
Om deze PM-eiwitten te kunnen bestuderen, werden oppervlakteeiwitten gemarkeerd 
("gelabeld") met biotine ( = biotinylering) (hoofdstuk 2). Gezien het precaire mechanisme van 
de zaadcel-eicelinteractie, werd speciale aandacht besteed aan het effect van biotinylering op de 
zaadcelfuncties. Zaadcellen bleken egaal gelabeld te warden over hun hele PM (van kop en 
staart), terwijl vitaliteit, motiliteit en het vermogen om met hamstereicellen te fuseren werden 
niet bei'nvloed. Wei vertoonden gebiotinyleerde zaadcellen een verhoogde binding aan de ZP. In 
het vervolgonderzoek werd deze methode toegepast om de betrokkenheid van PM-eiwitten in 
diverse processen te bestuderen. 
Gezien de belangrijke rol van PM-eiwitten in structuurhandhaving en zaadcel-eicel­
interactie, werd besloten antistoffen op te wekken tegen het zaadceloppervlak. Een voomaam 
probleem hierbij is, dat zaadcellen na ejaculatie bedekt zijn met stoffen, die niet 
zaadcelspecifiek, maar juist wel sterk immunogeen zijn. In hoofclstuk 3 werd gekeken of deze 
deklaag verwijderd kon worden door de zaadcellen v66r immunisatie met een eiwitsplitsend 
143 
enzym (protease) te behandelen. Er werden diverse monoklonale antistoffen verkregen, waarvan 
er een nader werd bestudeerd. De antistof was inderdaad zaadcel-specifiek, en bleek gericht 
tegen een PM (oppervlakte) eiwit. Deze was gelokaliseerd in de annulus posterior, die als een 
smalle ring de scheiding vormt tussen de PM- (en mogelijk ook cytoplasmatische) domeinen van 
de kop en de staart. De annulus posterior was tot nu toe slechts microscopisch beschreven; deze 
monoklonale antistof biedt de mogelijkheid meer inzicht te verkrijgen in de handhaving van de 
gepolariseerde zaadcelstructuur. Tevens hebben wij hier laten zien , dat het mogelijk is om 
efficient zaadcel-specifieke antistoffen te produceren, mits een voorbehandeling ter verwijdering 
van de deklaag wordt toegepast. Ben dergelijke benadering worden voortgezet om antistoffen 
tegen andere interessante PM-eiwitten in handen te krijgen. 
Het equatoriaal segment: structuur. 
Ben groot deel van de hier beschreven experimenten is gewijd aan de fusogene 
eigenschappen van zaadcelmembranen, die met name tot uiting komen in het equatoriaal 
segment (ES). Het ES, dat de equator van de humane zaadcelkop omcirkelt, kan in principe al 
v66r AR waargenomen worden, maar is pas daarna echt duidelijk herkenbaar. Tijdens AR 
verdwijnt het grootste deel van de acrosoomoverkoepelende PM samen met de buitenste 
acrosomale membraan, waarbij de acrosomale inhoud grotendeels vrijkomt. Van beide 
membranen blijft echter een klein stukje, in het ES, gehandhaafd en worden vervolgens met 
elkaar verbonden, zodat een haarspeldachtige structuur gevormd wordt. Het ES is nu een 
aaneengesloten membraan, en er lijken intracellulair, aan de caudale kant, verbindende 
structuren tussen de kernmembraan en de ES membraandelen aanwezig. In de haarspeld blijft 
een deel van de acrosomale matrix (met ingevangen enzymen) achter, die van buiten 
toegankelijk is. 
Ben aantal van deze eigenschappen werd bestudeerd in hoofdstuk 4. In dit hoofdstuk 
wordt de ontwikkeling beschreven van een nieuwe methode om acrosoom-gereageerde cellen, 
die gebonden zijn aan zonae pellucidae, aan te tonen. Er werd hierbij gebruik gemaakt van een 
gelabelde proteaseremmer. Zo gauw de acrosoom toegankelijk wordt tijdens AR, bindt deze 
remmer zich aan het protease acrosine, dat onderdeel uitmaakt van de acrosomale inhoud. De 
plaats van binding is dan zichtbaar met fluorescentie microscopie. Na een milde vorm van AR 
inductie (zoals op de ZP) kon met deze methode vastgesteld worden dat alle equatoriale 
segmenten van acrosoom-gereageerde zaadcellen inderdaad nog delen van de acrosomale matrix 
(met daarin acrosine) vasthouden. Bij ruwere AR inductiemethoden verdween soms alle inhoud. 
Het equatoriaal segment: fusogene eigenschappen. 
Gelijktijdig met de verandering in ES-structuur tijdens AR, verkrijgt de zaadcel het 
vermogen om te versmelten met de eicel. Vooral gebaseerd op electronenmicroscopisch 
onderzoek, is de heersende opvatting dat het inderdaad het ES is, waar de fusie tussen zaadcel 
en eicel begint. Dit wordt ondersteund door enkele onderzoeken waar de fusie geremd wordt 
door ES-specifieke antistoffen. Echter, weer andere onderzoeken suggereren juist dat ook 
andere zaadcel-membraandomeinen hierbij een rol spelen. 
Om meer duidelijkheid te verkrijgen, besloten wij tot een heel andere aanpak. Hierbij 
werd uitgegaan van de mogelijkheid dat zaadcel-eicel-fusie op hetzelfde principe berust als 
infectie van cellen door membraanvirussen. Hierbij zijn, voor de daadwerkelijke fusie althans 
(niet de voorafgaande binding van beide membranen), alleen vituseiwitten betrokken. Indien dit 
ook zou geld en voor zaadcellen ,  zouden deze ook moeten fuseren met kunstmatige membranen 
die slechts uit lipiden bestaan (liposomen). In hoofdstuk 5 wordt getoond dat liposomen 
inderdaad kunnen fuseren met zaadcellen , mits deze de AR ondergaan hebben. De fusie is 
beperkt tot het gebied dat door het ES wordt gevormd, en is zichtbaar als een diffuse 
fluorescerende band. Daarnaast worden nog equatoriale segmenten waargenomen die slechts een 
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gepuncteerd fluorescentiepatroon vertonen. Deze resultaten tonen dat, van alle 
membraandomeinen, alleen het ES fusogeen vermogen heeft; dit vermogen wordt klaarblijkelijk 
pas geactiveerd tijdens de AR. De methode vergemakkelijkt het onderzoek naar de 
eigenschappen van het ES, omdat er directe waarnemingen mogelijk zijn, waarbij grote 
hoeveelheden zaadcellen in suspensie bestudeerd kunnen worden (dit in tegenstelling tot 
electronenmicroscopie). 
Een interessante waarneming is het onvermogen van de, door middel van fusie, 
geintroduceerde liposomale lipiden om buiten de grenzen van het ES te diffunderen. In de 
meeste celtypen kunnen lipiden zich vrijelijk door de hele PM bewegen; in het ES lijken zich 
dus lipide-diffusiebarrieres te bevinden. Het uitgangspunt in hoofdstuk 6 was, dat als er zulke 
barrieres aanwezig zouden zijn, verbreking ervan zou leiden tot een verspreiding van 
geincorporeerde (fluorescerende) lipiden door de rest van de zaadcel. Dit gebeurde inderdaad 
door toevoeging van EDTA, een stof die onder andere Ca2+ -ionen wegvangt. Op dit moment is 
nog onbekend waaruit deze lipide diffusiebarrieres zijn opgebouwd en hoe ze functioneren. Uit 
de resultaten in dit hoofdstuk konden nog twee extra conclusies gedestilleerd worden: (i) omdat 
EDT A zelf de fusie tussen ES en liposomen veroorzaakt, betekent de verspreiding van 
fluorescerende lipiden, dat deze lipiden inderdaad in de ES-membraan ingebouwd waren (dit is 
een extra aanwijzing dat fusie opgetreden was) ; (ii) EDTA-toevoeging veroorzaakte wel 
verspreiding van lipiden vanuit equatoriale segmenten die van te voren als een diffuse 
fluorescerende band zichtbaar waren, maar geen verspreiding als het ES na toevoeging van 
liposomen een puntjes-patroon vertoonde. Een diffuse band betekent dus dat er fusie is 
opgetreden, een gepuncteerde band geeft (waarschijnlijk) aan dat de liposomen wel gebonden 
zijn, maar niet kunnen fuseren. Voorts blijkt uit dit onderzoek, dat fluorescentie-microscopie 
gevoelig genoeg is om deze verse hill en waar te nemen. 
De ES-factoren, die betrokken zijn bij de binding van en/of fusie met liposomen werden 
verder bestudeerd in hoofdstuk 7. Het bleek dat de aanwezigheid van resterende acrosomale 
matrix in het ES noodzakelijk was om een interactie (binding of fusie) met liposomen aan te 
gaan. Zoals gezegd bij hoofdstuk 4, zijn equatoriale segmenten met resterende acrosomale 
inhoud de enige vorm die waargenomen wordt na milde AR-inductie. Dit zijn duidelijke 
aanwijzingen, dat de acrosomale matrix betrokken is bij de instandhouding van de structuur 
en/of functie van het ES. Hierop voortbouwend biedt de liposoom-methode dan de mogelijkheid 
om na AR intacte equatoriale segmenten aan te tonen, met andere woorden een methode om 
acrosoom-gereageerde spermatozoa aan te tonen die gebonden zijn aan de ZP. Deze methode is 
sneller en gemakkelijker dan die beschreven in hoofdstuk 4 (zie verder hieronder). De intacte 
equatoriale segmenten komen in twee vormen voor: een vorm die alleen lean binden, en een 
vorm die daadwerkelijk versmelt met de liposomen. Beide vormen zijn gevoelig voor 
proteasebehandeling en bij de interactie met liposomen zijn dus eiwitten betrokken. Gezien de 
zeer verschillende gevoeligheidheid van beide vormen voor proteasebehandeling, is het 
waarschijnlijk dat de bindingsfunctie (zoals met fluorescentiemicroscopie waargenomen) niet de 
stap voorafgaand aan fusie weerspiegelt. De ES-eiwit(ten) die de binding en fusie van liposomen 
veroorzaken bleken v66r AR niet toegankelijk (of geactiveerd) te zijn. 
Klinische relevantie. 
Tijdens het werk aan dit proefschrift zijn er elders nieuwe tests ontwikkeld, die net als 
de HET, in zekere mate "bevruchtend vermogen" van zaadcellen kunnen voorspellen. Met name 
door de snelle ontwikkeling van in vitro fenilisatie (IVF) tot een routinebehandeling, zijn 
grotere hoeveelheden humane zonae pellucidae beschikbaar gekomen. Hiermee lean de ZP­
bindingscapaciteit van spermatozoa bepaald worden, en dit blijkt een zekere voorspellende 
waarde ten aanzien van infertiliteit te herbergen. Echter, lang niet alle gevallen van 
onvruchtbaarheid kunnen met een ZP-bindingstest verklaard worden. In hoofdstuk 8 gebruikten 
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we de affiniteit van liposomen voor structureel intact equatoriale segmenten om te bestuderen in 
hoeverre zaadcellen van mannen, die niet kunnen bevruchten in IVF, na binding aan de ZP de 
AR ondergaan. Met deze gecombineerde ZP-bindings- en AR-detectietest werd bij een aantal 
van deze mannen een verklaring gevonden voor de infertiliteit. Er werden mannen ontdekt, wier 
zaadcellen wel konden binden aan de ZP, maar hierdoor niet tot AR werden aangezet. De AR­
detectie door middel van liposomen bleek dus een waardevolle uitbreiding van een ZP­
bindingstest. 
In principe zou de liposoomtest ook gebruikt kunnen worden om het fusogene vermogen 
van (de equatoriale segmenten van) zaadcellen te bepalen. Zoals hierboven al aangestipt, kunnen 
liposomen ofwel slechts binden (puntjespatroon) ofwel fuseren met een ES (diffuus patroon) . 
Het is daarom aanlokkelijk te speculeren dat het puntjespatroon equatoriale segmenten aangeeft, 
die niet kunnen fuseren vanwege afwijkende zaadcelstructuur of afwijkende AR. Inderdaad 
werden in hoofdstuk 8 enkele infertiele mannen opgespoord van wie de zaadcellen wel ZP­
ge1nduceerde AR konden ondergaan, maar dan uitsluitend niet-fusogene equatoriale segmenten 
vormden. Hoewel men aanneemt dat fuserend vermogen ook met de HET bepaald kan worden, 
waren wij nog niet in staat een relatie te ontdekken tussen de resultaten in de HET en de 
patronen na interactie met liposomen. Waarschijnlijk komt dit doordat de HET wordt uitgevoerd 
met zaadcellen die een spontane AR moeten hebben ondergaan, in plaats van een ZP­
gei'nduceerde AR. 
Met de nieuwe methodes die in dit proefschrift zijn beschreven is het mogelijk diverse 
aspecten van zaadcel-eicel-interactie nader te bestuderen. Meer inzicht in de domeinstructuur 
van de zaadcel (die transport naar en wisselwerking met de eicel mogelijk maakt) en in het 
mechanisme dat aan zaadcel-eicelfusie ten grondslag ligt, is zowel van biologisch als klinisch 
belang. De gepolariseerde structuur, de bindings- en fusieprocessen en het optreden van een 
uitscheidingsproces (exocytose) maken de zaadcel tot een interessant modelsysteem. Voorts 
wordt er een snelle test voor het voorspellen van infertiliteit geboden. 
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